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Abstract In this chapter, we review some historical understanding and recent ad-
vances on the Initial Mass Function (IMF) and the Core Mass Function (CMF),
both in terms of observations and theories. We focus mostly on star formation in
clustered environment since this is suggested by observations to be the dominant
mode of star formation. The statistical properties and the fragmentation behaviour
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of turbulent gas is discussed, and we also discuss the formation of binaries and small
multiple systems.
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1 Introduction
Stars form in regions where a sufficient amount of mass is concentrated, reaching
densities that allow gravitational collapse to overcome all possible supporting agents
such as thermal and radiative pressure, turbulence, and magnetic fields. When such
conditions are reached, the amount of mass usually allows a group of stars to form
together, which is indeed supported by observations (Lada and Lada, 2003; Krui-
jssen, 2012; Longmore et al., 2014). Moreover, gravitational collapse is hierarchi-
cal and often leads to fragmentation across a range of size scales (Efremov and
Elmegreen, 1998; Hopkins, 2013a; Va´zquez-Semadeni et al., 2017; Pokhrel et al.,
2018; Va´zquez-Semadeni et al., 2019). Therefore, from the largest-scale entities that
contain thousands to millions of star to small multiple or binary systems, there is al-
ways a certain degree of grouping, or clustering, when star formation takes place.
In other words, stars that form in isolation represent a very small proportion.
Given a group of stars, statistical properties can be inferred, in particular that of
the stellar mass, which is the primary parameter of a star. A star’s mass at birth,
or “initial stellar mass,” determines how it will evolve, the way it interacts with its
environment, how long it will live and the mechanism by which it will eventually
die. The mass of members of a stellar cluster is of particular importance since it reg-
ulates the cluster evolution during the formation and also determines the disruption
and survival of the cluster through stellar feedback and dynamics.
This chapter focuses on the stellar Initial Mass Function (IMF), in particular,
and the initial stellar multiplicity distribution, which is closely tied to the origin
and measurement of the IMF. The IMF is of primordial importance in setting the
formation, evolution, and survival of a cluster, as a consequence of the various dy-
namical, thermal, and chemical regulation of the stellar activities coming from the
whole range of the stellar mass spectrum. Good knowledge of the IMF is essential
in many aspects. From an observational point of view, as will be discussed later,
the IMF is not directly observable. Accurately translating observed luminosities to
stellar masses requires understanding many of the fundamental properties of stel-
lar evolution as well as the mechanisms governing cluster formation. On the other
hand, a good parameterization of the IMF is crucial as it is often used as a sub-grid
model in simulations of cluster or even galactic scales. Moreover, the IMF is impor-
tant to many aspects of astronomy since stars are the basic building blocks of the
Universe. Stars of mass around that of the Sun or lower are likely the most favorable
for hosting planets and the existence of life. Their prevalence and interaction with
companion stars are of primary interest for the search of life. On the other end of the
spectrum, massive stars are the most powerful engines inside clusters. They are the
major producers of heavy elements that can influence the star formation of follow-
ing generations. The shock waves or strong turbulence from their stellar feedback
also dynamically affect the evolution of the host cluster and may even trigger the
formation of nearby clusters.
In this chapter, we will first discuss stellar clusters as a whole. The character-
istics of star-forming (and non-star-forming) cores will be described. We will then
discuss the link between cores and stars. Within a stellar cluster, smaller bound,
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multiple systems of 2 or 3 stars are common, since about half of all stars have a
stellar companion. We therefore dedicate a section to discussing stellar multiplicity.
Finally, the effect of stellar feedback mechanisms on star-formation activity and the
impact on the birth environment is also discussed.
2 Determination and universality of the Initial Mass Function
Salpeter (1955) was the first to propose a functional description of the stellar mass
spectrum at their birth. He compiled the stellar masses of field stars and found that
the number in each mass bin follows a powerlaw distribution
N (M) = dN/d logM ∝MΓ (1)
where M is the mass and Γ =−1.35 is now known as the Salpeter slope.
Since then, observational advances have allowed the IMF to be derived for a vari-
ety of environments, including for a number of clusters, both in the solar neighbor-
hood and in nearby galaxies. Integrated galactic IMF (IGIMF) are also measured
for some galaxies. The stellar mass distribution exhibits a turnover mass around
0.2−0.3 M and decreases for lower mass stars, a characteristic which was not ini-
tially observed due to sensitivity limits. It was found that the observed mass spectra
of stars seem to be strikingly similar in most of clusters (see review by Bastian
et al., 2010, and references therein). Ever since, this mass function is referred to as
the canonical stellar Initial Mass Function (IMF), which appears universal within
the limits of observational uncertainties irrespective of conditions. Many functional
forms have been proposed to describe the single star IMF, given all binaries are re-
solved; two of these are the most widely applied to present-day studies. The Kroupa
IMF (Kroupa, 2002, and see a review of various analytical forms therein) is a piece-
wise powerlaw function:
N =
dN
d logM
∝

M0.7±0.7 , 0.01 M ≤M < 0.08 M
M−0.3±0.5 , 0.08 M ≤M < 0.50 M
M−1.3±0.3 , 0.50 M ≤M
. (2)
The Chabrier IMF (Chabrier, 2005) connects a lognormal low-mass end to a pow-
erlaw tail:
N =
dN
d logM
∝
{
exp
[
− (logM−log0.2)22×0.552
]
, M ≤ 1 M
M−1.35 , M > 1 M
(3)
Both functions coincide with the Salpeter IMF for stellar masses above ∼ 1 M.
However, as will be discussed in the following paragraphs, there are increasing ev-
idences that the IMF might not be universal in some environments. The usage of
these canonical functions thus should be taken with much care.
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2.1 Stars in clusters and associations: observational facts in the
Solar neighborhood
Direct study of the stellar mass distribution requires resolving individual stars in a
group. Therefore, most of the available observation data, which span a significant
range of stellar masses, come from nearby regions. The universality of the IMF is a
conclusion mostly made from pioneering observations in the Solar neighborhood. In
contrast, IMF universality has been challenged in some more extreme environments.
While stars form mostly in groups, this does not necessarily mean that they stay
in groups. Historically, clusters are classified into globular clusters (GCs) and open
clusters (OCs), inside which the stars are observed to be coeval and have similar
chemical composition most of the time. GCs are the ancient and massive clusters
associated with galactic spheroids, such as the bulge and halo. They are dense and
contain 104−105 stars within a few parsecs, making them strongly bound by grav-
ity. OCs are found mostly in the galactic disk and are less massive. However, more
recent studies have indicated that there is no clear dichotomy between the two types
of clusters. Observations of young massive clusters (YMCs) are providing the miss-
ing links for how these structures form and evolve (see reviews by Portegies Zwart
et al., 2010; Kruijssen, 2014; Longmore et al., 2014; Bastian, 2016). YMCs are
very massive clusters (typically > 104 M) with ages below ∼ 100 million years.
They have been suggested to be the modern counterpart of GCs, although exactly
how GCs form remains debated. New theoretical models and galaxy formation sim-
ulations that apply physical descriptions for local-Universe cluster formation and
evolution across cosmic history have recently successfully reproduced the proper-
ties of GCs by z = 0 (e.g. Elmegreen, 2010; Kruijssen, 2015; Pfeffer et al., 2018;
Kruijssen et al., 2019; Li and Gnedin, 2019, and many others). This adds credence
to the idea that GCs may indeed be scaled-up versions of regular cluster formation.
Besides stellar clusters, which remain gravitationally bound from their birth to
present day, some groups of stars that formed together are dispersed due to gas
mass loss as a consequence of stellar feedback or perturbations from encounters
with other clusters. Most field stars were not formed in isolation but instead were
previously members of star clusters. There are also entities called stellar associa-
tions, which typically contain hundreds of stars. These are the gravitationally un-
bound “clusters” of stars that have coherent velocities but do not have sufficient
mass or density to keep themselves together. However, we can still reasonably infer
that they formed together in the same molecular cloud environment and use them
to study clustered star formation. In particular, such diffuse star-forming conditions
may help to better understand the role of (the absence of) stellar interactions such as
competitive accretion and stellar feedback. Indeed, some recent works suggest that
associations are formed directly without ever forming a bound entity (e.g. Ward and
Kruijssen, 2018).
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2.2 Measuring the Initial Mass Function
The stellar IMF is characterized by two major features: a high-mass slope of
dN/d logM ∝M−1.35 (Salpeter, 1955) and a peak around 0.2−0.3 M . Given cur-
rent observational limitations, it is not yet possible to clearly distinguish between
the two most widely used analytical forms of the IMF at the low-mass end (e.g., see
review by Offner et al., 2014), i.e., a piece-wise power law or a lognormal. How-
ever, there are continuing efforts dedicated to constraining the low-mass end (see
e.g. Downes et al., 2014; Muzˇic´ et al., 2015; Drass et al., 2016; Jose et al., 2017;
El-Badry et al., 2017; Gennaro et al., 2018; Hoffmann et al., 2018; Megeath et al.,
2019; Sua´rez et al., 2019; Muzˇic´ et al., 2019). It is also worthwhile noting that due
to unresolved binaries, which are usually not corrected for in observations, the peak
occurs at slightly higher masses than that described by eqs. (2) and (3).
Determining the IMF is a big observational challenge that comprises several
steps. Since it is not possible to directly measure individual stellar masses, what
is usually observed is the Present Day Luminosity Function (PDLF), which de-
scribes the number of stars in each luminosity bin. Models for the stellar physics
are needed to convert the PDLF to the Present Day Mass Function (PDMF). How-
ever, several additional assumptions are required, because the stellar luminosity is
a function of stellar mass, metallicity, age, and spin, which are difficult to mea-
sure and often poorly constrained. Stellar evolution models are needed to convert
the PDMF to the IMF in order to correct for massive stars that might have evolved
off the main sequence. Finally, dynamical models are required to correct for the
evaporation of low-mass stars from the cluster and possible mass segregation for
dynamically evolved clusters.
When individual stars are not resolved, the IMF can still be measured using quan-
tities integrated over the stellar population in the entire cluster or galaxy. These types
of methods can not give strong constraints on the exact shape of the IMF but can still
be used, for example, to constrain the IMF slope (see e.g. Scalo, 1986, for a sum-
mary). While these indirect methods introduce large uncertainties, they allow us to
probe the possible IMF variation in a wider range of environments. We describe a
few of the most commonly used techniques here.
1. Mass-to-light ratio: Since stellar luminosity increases non-linearly with stellar
mass, the ratio of the integrated mass and light values is sensitive to the IMF
shape. However, in some cases it is debated whether excess mass comes from
low-luminosity low-mass stars or from stellar remnants, i.e., high-mass stars that
are no longer on the main sequence.
2. Population synthesis: This is a forward modeling method. For a given stellar
population, one can predict observables such as colors, spectra, or line intensities
that can be measured and compared with those of a cluster or a galaxy. Finding
an exact, or unique, solution is not always possible. However, this method is
often used to test whether, for example, a canonical IMF is consistent with the
observations.
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3. Chemical evolution models: Stars of different mass evolve on different tracks,
and therefore the yields of various elements are functions of stellar mass. Mea-
suring element abundances or isotopic ratios inside a cluster also constrains the
shape of the IMF. This method, however, requires good knowledge of stellar
evolution and carefully distinguishing between primordial enrichment and stel-
lar production. Moreover, only the high-mass end of the IMF can be constrained
using this technique.
2.3 The high mass end of the IMF: a power law
The value of the high-mass slope, Γ , typically in the mass range from ∼ 1 M to
several 10 M, is the most easily measured from observations, since low-mass stars
suffer from observational completeness and the most massive stars are statistically
rare and short-lived. Therefore, this power law is often used to test the universality
of the IMF and the many theories that aim to explain it. The slope Γ = −1.35
is consistent within observational uncertainties for many observed regions in the
Solar neighborhood (see e.g. Bastian et al., 2010). However, increasing number of
observation results start to suggest that the IMF could be varying across different
environments. Table 1 summarizes measurements for a variety of regions in the
recent literature.
Many of the measurements are actually presented in the form of the PDMF and
the authors do not attempt to infer the IMF since extra uncertainties could be in-
troduced. In young clusters that have not undergone much N-body relaxation or
mass segregation, it is reasonable to assume that the PDMF is similar to the IMF.
However, in some more evolved clusters (e.g. Habibi et al., 2013; Pang et al., 2013;
Brandner et al., 2008; Bonatto et al., 2006), shallower slopes are measured in the
inner region – probably because low-mass stars have been lost through evaporation
or interaction with other clusters (see e.g., Kruijssen, 2009; Paust et al., 2010, for
slope variation in globular clusters of different binding energy). Careful member-
ship identification and dynamical modeling is required in these clusters to recover
the IMF (e.g. Hosek et al., 2019).
Region Γ Mass range
(M)
description
Field
Mor et al. (2017) −3.2 > 1 GD
Calamida et al. (2015) −1.41±0.50 0.56−1.0 GB
−0.25±0.19 0.15−0.56
Czekaj et al. (2014) −3.2 > 1.53 GD
Zoccali et al. (2000) −0.33±0.07 0.15−1.0 GB
Holtzman et al. (1998) −1.2 0.7−1.0 GB
−0.3 0.3−0.7
Bochanski et al. (2010) −1.66±0.10 0.32−0.8 GD
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0.02±0.15 0.10−0.32
Covey et al. (2008) −1.04 0.32−0.7 GD
0.8 0.1−0.32
Reid et al. (2002) −0.3±0.23 0.1−1.1 GD
−1.8±0.25 0.11−0.3
Reid and Gizis (1997) [−0.5,0.7] 0.08−0.5 GD, 8 pc wide
−1.4 0.5−1.0
Gould et al. (1997) −1.21 0.59−1.0 GD
0.1 0.08−0.59
ω Centauri Sollima et al. (2007) −1.3 > 0.5 Globular cluster
0.15 0.15−0.5
NGC 3603 GD, starburst
Pang et al. (2013) −0.88±0.15 1−100 Mass segregated
Harayama et al. (2008) −0.74+0.62−0.47 0.4−20 massive star-
forming region
Stolte et al. (2006) −0.91±0.15 0.4−20
Sung and Bessell (2004) −0.9±0.1 1−100 flatter in inner re-
gion
Westerlund 1 Galactic disk
Andersen et al. (2017) −1.32±0.06 0.6−1.4
−0.25±0.10 0.15−0.6
Lim et al. (2013) −0.8±0.1 5−100
Gennaro et al. (2011) −1.44+0.08−0.20 3.5−27
Brandner et al. (2008) −0.6 3.4−27 (< 0.75
pc)
−1.3 (0.75−1.5pc)
Westerlund 2 Galactic disk
Zeidler et al. (2017) −1.46±0.06 0.8−25 PDMF
Ascenso et al. (2007) −1.20±0.16 > 0.8
Trumpler 14 & 16 Hur et al.
(2012)
−1.3±0.1 > 1.6 GD
h & χ Persei Slesnick et al.
(2002)
−1.3±0.2 4−16 GD PDMF
Arches CMZ YMC
Hosek et al. (2019) −0.76±0.08 > 1.8 IMF
Habibi et al. (2013) −0.5±0.35 (< 0.2 pc) PDMF, mass seg-
regated
−1.21±0.27 (0.2−0.4 pc)
−2.21±0.30 (0.4−1.5 pc)
Espinoza et al. (2009) −1.1±0.20 10−100 PDMF, flattening
toward the center
Kim et al. (2006) −0.91±0.08 1.3−50 inner region
PDMF
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Stolte et al. (2002, 2005) −0.8±0.2 6−65 inner region
PDMF
Young Nuclear Cluster (YNC) GC YMC
Lu et al. (2013) −0.7±0.2 > 10
Quintuplet Hußmann et al.
(2012)
−0.68+0.13−0.19 5-40 YMC CMZ
PDMF
M31 Weisz et al. (2015) −1.45+0.06−0.03 > 1 85 young clusters
NGC 6231 Sung et al. (2013) −1.1±0.1 0.8−45 YOC
NGC 2264 Sung and Bessell
(2010)
−1.7±0.1 > 3 YOC
NGC 6611 Bonatto et al. (2006) −1.45±0.12 5−25 YOC, mass segre-
gated
−1.52±0.13 (Halo)
−0.62±0.16 (Core)
LMC Gouliermis et al. (2006) −2.1±0.1 0.73−1.03
−4.6±0.1 1.0−2.4 Steeper than
Salpeter
R136 Andersen et al. (2009) −1.2±0.2 1.1−20 LMC starburst 30
Dor (NGC 2070)
Lindsay 1 Glatt et al. (2011) −0.51±0.11 0.63-0.93 SMC PDMF
NGC 339 Glatt et al. (2011) −1.29±0.15 0.56-0.97 SMC PDMF
Lindsay 38 Glatt et al. (2011) −0.74±0.17 0.57-0.94 SMC PDMF
Table 1: Measured IMF slopes from the literature. There is a very nice
compilation of earlier observations by Kroupa (2002), thus we selectively
show more recent results. Note that many of the measurement are the
PDMF, of which the authors have not made an attempt to recover the
IMF. This list is not meant to be exhaustive but to give a flavor of pos-
sible environmental influences on the IMF slope. (GB: Galactic bulge;
GD: Galactic disk; GC: Galactic Center; SSC: Super Star Cluster; CMZ:
Central Molecular Zone; YOC: Young Open Cluster; LMC: Large Mag-
ellanic Cloud; SMC: Small Magellanic Cloud)
Stars within a given cluster are coeval most of the time. The age spread, which
is generally small (< 1 Myr) with respect to the cluster age (e.g. Longmore et al.,
2014), can be used to infer the duration of active star formation inside the cluster.
From previous chapters (Ch. 6 and Ch. 7), we have already seen that molecular cloud
exhibit a wide range of masses and sizes, leading to a large variety of star-forming
environments. The question then becomes: what makes the IMF so universal? What
physical mechanisms actually regulate the star formation at stellar scales? Is the IMF
universal in environments that deviate significantly from the Solar Neighborhood?
Recent observations give some hints about possible deviations from a universal
IMF in extreme environments. For example, Hosek et al. (2019) resolved the Arches
cluster in the Central Molecular Zone (CMZ; the central few 100 pc of the Milky
Way) and found the IMF to be top-heavy, i.e., abundant in massive stars. Early-type
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galaxies (ETGs) show an excess mass-to-light ratio with respect to the IMF. This in-
dicates either abundant brown dwarfs or massive stars that have already reached the
end of their lives (van Dokkum and Conroy, 2010, 2012; Cappellari et al., 2012). Us-
ing 13CO and C18O line intensity ratios, Zhang et al. (2018) suggested that the IMF
is more top-heavy in actively star-forming galaxies, in particular within starburst
galaxies. There has also been some evidence showing that the IMF may be more
top-heavy in high-density and low-metallicity environments (Marks et al., 2012).
In terms of theory and simulations, there are some existing studies of the ex-
treme environments. Following the same reasoning of the gravo-turbulent model
of molecular cloud fragmentation (Hennebelle and Chabrier, 2009), Chabrier et al.
(2014) proposed that the dense and turbulent environment of ETGs should lead to a
bottom-heavy IMF that peaks at lower mass. Most of the existing numerical studies
actually show a power law mass spectrum of Γ ∼ −1, actually shallower than the
Salpeter value (see § 5.2.2 and § 5.3). Recently, Lee and Hennebelle (2018a) showed
that in a globally collapsing cloud dominated by turbulent support, the mass func-
tion likely follows Γ ∼ −0.75, while the spectrum becomes flat with Γ ∼ 0 if the
thermal pressure is important.
The latter case is compatible with the numerical finding that primordial clusters
likely have a flat mass spectrum. Many authors have suggested that, due to the defi-
ciency of molecular line cooling, high temperatures cause population III stars to be
more massive such that their IMF peaks at a much larger mass than the canonical
IMF (e.g. Umeda and Nomoto, 2002; Nakamura and Umemura, 1999; Omukai and
Nishi, 1999; Bromm et al., 1999). Numerical simulations of population III star for-
mation in the primordial universe (e.g. Hirano and Bromm, 2017; Clark et al., 2011;
Greif et al., 2011) indeed suggest that first a primordial mini-halo forms a massive
star surrounded by a disk, and subsequent stars are formed from disk fragmenta-
tion. This mode of star formation likely gives a top-heavy IMF dominated by one
massive star at the center of the cluster. However, observational confirmation of the
population III IMF remains a big challenge.
Overall, there are increasing hints for possible IMF variation, particularly in ex-
treme environments, while Parravano et al. (2018) also caution the possible bias
from limited sample volume. Efforts are continuing in both observational and theo-
retical work to determine the key physics that sets the IMF and define the conditions
for which it possibly varies.
3 Dense core properties
3.1 Observations of various core types and their definitions
Conceptually, a dense core may be defined as a molecular cloud fragment, locally
denser than its surroundings, that can potentially form an individual star (or a small
multiple system) by gravitational collapse. Dense cores are thus the smallest molec-
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ular cloud units within which star formation can occur (e.g. Bergin and Tafalla,
2007). This is in contrast to massive clumps out of which star clusters form within
giant molecular clouds (GMCs) (e.g. Williams et al., 2000). These definitions cor-
respond to density structures that are now routinely observed in Galactic clouds
thanks to submillimeter and millimeter maps in both molecular lines and dust con-
tinuum emission. Observationally, it is however not always straightforward to decide
whether a given cloud fragment will form a single star, multiple stars, or no stars
at all. Strictly speaking, the classification of structures identified in observational
surveys is therefore always tentative to some extent. With the advent of powerful
infrared and submillimeter facilities, such as Spitzer, Herschel, IRAM, and ALMA,
this classification has nevertheless become more and more secure. Historically, the
first examples of dense cores were detected as dark globules in dust extinction (Bok
and Reilly, 1947) or as blobs of dense molecular gas in line transitions of NH3
(e.g. Myers and Benson, 1983). The first survey for dense cores in nearby molecu-
lar clouds was performed in NH3 (Benson and Myers, 1989). Nowadays, the most
extensive and sensitive surveys for dense cores are carried out in optically thin sub-
millimeter continuum emission from cold dust (e.g. Ward-Thompson et al., 1994;
Motte et al., 1998; Johnstone et al., 2000; Ko¨nyves et al., 2015; Kirk et al., 2016), as
this technique can deliver column density maps of molecular clouds with the highest
dynamic range (both in terms of density and spatial scales), especially when used
from space with, e.g., Herschel.
   50’ ~ 2 pc Herschel   250 µm 
b)      IRAM 30m 
     NIKA1  1.2 mm 
0.1 pc 
a) 
Fig. 1 (a) Herschel/SPIRE 250 µm dust continuum image of the Taurus B211/B213 filament
in the Taurus molecular cloud (Palmeirim et al., 2013; Marsh et al., 2016). Note the presence of
several prominent dense cores along the filament. (b) IRAM/NIKA1 1.2 mm dust continuum image
of the central part of the Herschel field on the left (from Bracco et al., 2017), showing a chain of at
least three prominent and quasi periodically-spaced dense cores, including a prestellar core (at the
center) and two (Class 0/I) protostellar cores.
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In practice, the immediate vicinity of each local maximum in column density
maps derived from submillimeter continuum imaging data (cf. Fig. 1) is identified
as a (candidate) dense core. One may also use significant breaks in the gradient of
the column density distribution around each core peak to define the core boundaries
(cf. Fig. 2 and Roy et al., 2014). This can be a difficult task, however, unless the
core is relatively isolated and the instrumental noise in the data is negligible (as
is fortunately the case with Herschel observations of nearby clouds). Ideally, maps
that resolve the local Jeans length and the sonic scale are required to make sure
that the candidate core does not have significant substructure and, e.g., is not on its
way to fragmenting into a small star cluster. In dense (AV ≥ 10) parts of molecular
clouds, this typically requires a spatial resolution significantly better than < 0.05pc
for gas at ∼10 K, corresponding to an angular resolution significantly better than
30′′–60′′in nearby regions at d ∼140–300 pc. For reference, Herschel data have a
resolution of 18′′ at λ = 250µm.
Dense cores can be divided into several categories. A starless core is a dense
core with no associated protostellar object and may be gravitationally bound or un-
bound. A prestellar core is a dense core that is both starless and self-gravitating. A
protostellar core is a dense core within which a protostar has already formed, where
evidence of the latter comes from the detection of an embedded infrared source (e.g.
Beichman et al., 1986), a compact radio continuum source, or a bipolar molecular
outflow (e.g. Andre´ et al., 1993).
Starless dense cores are observed at the bottom of the hierarchy of interstellar
cloud structures and depart from the Larson (1981) self-similar scaling relations
(see Heyer et al., 2009 and § 4.5 in Chap. 7 for a generalized version of the Larson
relations). In particular, starless cores are characterized by subsonic levels of inter-
nal turbulence and may be described as islands of quiescence embedded in a sea of
supersonically turbulent gas corresponding to their parent molecular cloud (Myers,
1983; Goodman et al., 1998; Caselli et al., 2002; Andre´ et al., 2007; Pineda et al.,
2010). In other words, while starless dense cores are associated with local peaks in
column density maps, they correspond to local minima in maps of the gas velocity
dispersion (e.g., Friesen et al., 2017; Chen et al., 2019). Observationally, it is re-
markable that all cloud structures with supersonic line-of-sight velocity dispersions
tend to be highly fragmented into significant substructures when observed at suf-
ficient resolution, while structures with transonic or subsonic velocity dispersions
show little substructure (see, e.g., Fig. 6 of Ward-Thompson et al., 2007 and Dun-
ham et al., 2016; Kirk et al., 2017). Starless dense cores, which by definition are
single fragmentation units, are therefore expected to have diameters below the sonic
scale, or typically <∼ 0.1pc in low-density molecular gas and sometimes  0.1pc
in high-density environments.
To first order, known prestellar cores have simple, convex (not very elongated)
shapes, and have flat-topped radial density profiles approaching the density struc-
ture of Bonnor-Ebert (BE) isothermal spheroids bounded by the external pressure
exerted by the parent cloud (e.g. Ward-Thompson et al., 1994; Alves et al., 2001;
Tafalla et al., 2004; Kirk et al., 2005; Roy et al., 2014). These BE-like density pro-
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Fig. 2 (a) Examples of circularly-averaged radial intensity profiles derived from Herschel data for
a prestellar dense core at 70, 160, 250, 350, 500 µm. (b) Logarithmic slopes of the column density
profile (black solid curve) and 500 µm intensity profile (blue solid curve) as a function of radius, for
the same core. The dotted horizontal line is the logarithmic slope s≡ d lnNH2/d lnr=−1 expected
for a ρ ∝ r−2 density profile. Note how the core boundary can be reasonably well defined as the first
point away from core center where the logarithmic slope goes back to s ∼ 0 and the contribution
from the core merges with the parent cloud emission. (c) Radial column density profile derived
from the same Herschel data. (d) Dust temperature as a function of radius for the same pretsellar
core. (Adapted from Roy et al., 2014.)
files do not imply that prestellar cores are necessarily in hydrostatic equilibrium and
are also consistent with dynamical models (Ballesteros-Paredes et al., 2003).
The Herschel space observatory (Pilbratt et al., 2010) has led to a revolution
in submillimeter dust continuum imaging and therefore surveys for dense cores,
thanks to its unprecedented mapping speed, high sensitivity and dynamic range,
multi-wavelength coverage (from 70µm to 500µm), and reasonably high resolution
(18′′ at λ = 250µm, corresponding to ∼ 0.03 pc at d = 350 pc). This has allowed
the whole extent of nearby molecular clouds to be searched for dense cores as part of
the Herschel Gould Belt survey (HGBS – Andre´ et al., 2010) and clear connections
to be made between the core formation process and the filamentary structure of the
parent clouds (see § 3.2 below). In addition to providing deeper, more complete sam-
ples of dense cores, key advantages of Herschel surveys over earlier ground-based
observations have been 1) the direct determination of core temperatures through
multi-wavelength data, and 2) the ability to identify the boundaries of individual
cores based on sensitive (radial) density profiles (cf. Fig. 2) as opposed to arbitrary
low signal-to-noise cutoffs.
With more sensitive, bigger datasets, the task of extracting candidate dense cores
in wide-field submillimeter dust continuum images of highly structured molecu-
lar clouds has been both facilitated thanks to higher signal-to-noise data and made
more complex owing to the larger amount of data to process and the broader
range of cloud structures effectively probed. Multi-wavelength Herschel contin-
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uum data with resolution depending linearly on wavelength have required sophis-
ticated, dedicated approaches such as getsources to identify candidate dense cores
(Men’shchikov et al., 2012). Briefly, the core extraction process with getsources
consists of a detection and a measurement stage. At the detection stage, getsources
analyzes fine spatial decompositions of the original maps at all observed wave-
lengths over a wide range of scales using a series of unsharp-masking steps. This
decomposition makes it possible to filter out irrelevant spatial scales and to identify,
for each object, the optimum scale at which it is visible in the data, greatly improv-
ing source detectability, especially in crowded regions and for extended sources. The
multi-wavelength design of getsources also combines data over all wavelengths and
produces a wavelength-independent detection catalog. At the measurement stage,
the properties of each detected source are measured in the original (unfiltered) ob-
served images. Two alternative methods that have also been used on Herschel data
including csar (Kirk et al., 2013), a conservative variant of the well-known segmen-
tation routine clumpfind (Williams et al., 1994), and cutex (Molinari et al., 2011),
an algorithm that identifies compact sources by analyzing multi-directional second
derivatives and performing “curvature” thresholding in monochromatic images.
Once cores have been extracted from the maps, the Herschel observations pro-
vide a very sensitive way of distinguishing between protostellar cores and starless
cores based on the presence or absence of point-like 70 µm emission. Indeed, the
emission flux at 70 µm traces very well the internal luminosity of a protostar (e.g.
Dunham et al., 2008), and Herschel observations of nearby (d< 500 pc) clouds have
the sensitivity to detect even candidate “first hydrostatic cores” (cf. Pezzuto et al.,
2012), the very first and lowest-luminosity (∼ 0.01–0.1L) stage of protostars (e.g.,
Larson, 1969; Saigo and Tomisaka, 2011; Commerc¸on et al., 2012).
The Herschel continuum data can also be used to divide the sample of starless
cores into gravitationally bound and unbound objects based on the locations of the
cores in a mass verus size diagram (cf. Motte et al., 2001) and comparison of the de-
rived core masses with local values of the Jeans or BE mass (see Fig. 7 of Ko¨nyves
et al., 2015). The prestellar cores identified with Herschel have typical average vol-
ume densities ∼ 104–106 cm−3 and outer sizes between ∼ 0.01pc and ∼ 0.1pc. It
is noteworthy that the measured core sizes are found to be smaller than the typical
sonic scale ∼ 0.1pc in the low-density (< 104 cm−3) parts of molecular clouds, as
expected (see above).
3.2 Link to the filamentary structure of molecular clouds
Thanks to the high surface-brightness sensitivity and spatial dynamic range achiev-
able from space, a big step forward with Herschel imaging surveys compared to ear-
lier submillimeter ground-based observations has been the ability to simultaneously
probe compact structures such as dense cores and larger-scale structures within the
parent clouds such as filaments. This has provided, for the first time, an unbiased
view of both the spatial distribution of dense cores and the link between dense cores
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and the texture of molecular clouds. In particular, Herschel GBS observations have
shown that most (75%+15%−5% ) prestellar cores are located within filamentary struc-
tures of typical column densities NH2
>∼ 7×1021 cm−2, corresponding to visual ex-
tinctions AV >∼ 7 (e.g. Andre´ et al., 2010; Ko¨nyves et al., 2015; Marsh et al., 2016;
see also Fig. 1). Moreover, most prestellar cores lie very close to the crest of their
parent filament (e.g. Bresnahan et al., 2018; Ko¨nyves et al., 2020; Ladjelate et al.,
2020), that is within the flat inner < 0.1pc portion of the filament radial profile (cf.
Arzoumanian et al., 2011, 2019).
The column density transition above which prestellar cores are found in fil-
aments is quite pronounced. It resembles a smooth step function as illustrated
in Fig. 3a, which shows the observed core formation efficiency CFEobs(AV) =
∆Mcores(AV)/∆Mcloud(AV) as a function of the “background” column density of the
parent filaments in the Aquila cloud complex (Ko¨nyves et al., 2015). There is a natu-
ral interpretation of this sharp column density transition for prestellar core formation
in terms of simple theoretical expectations for the gravitational instability of nearly
isothermal gas cylinders. Adopting the typical inner width Wfil ∼ 0.1 pc measured
for nearby molecular filaments with Herschel (Arzoumanian et al., 2011, 2019) and
using the relation Mline ≈ Σ0×Wfil between the central gas surface density Σ0 and
the mass per unit length Mline of a filament, there is a very good match between the
transition at AbackV ∼ 7 or Σ backgas ∼ 150 M pc−2 and the critical mass per unit length
Mline,crit = 2c2s/G ∼ 16M pc−1 of isothermal long cylinders in hydrostatic equi-
librium for a sound speed cs ∼ 0.2 km/s, i.e., a typical gas temperature T ∼ 10 K
(e.g. Ostriker, 1964). Therefore, the observed column density transition essentially
corresponds to thermally transcritical filaments with masses per unit length within
a factor of 2 of Mline,crit, which are prone to gravitational fragmentation along their
length (Inutsuka and Miyama, 1992, 1997; Fischera and Martin, 2012).
The observed spacing of dense cores along filaments is not consistent with the
predictions of standard cylinder fragmentation theory, however. Linear fragmenta-
tion models for infinitely long, isothermal equilibrium cylinders predict a character-
istic core spacing of ∼ 4× the filament width (e.g., Inutsuka and Miyama, 1992).
In contrast, the spacing observed between Herschel prestellar cores is generally not
periodic and the median value of the projected core separation is found to be close to
the typical∼ 0.1pc inner width of filaments (e.g. Andre´ et al., 2014; Ko¨nyves et al.,
2020). A few good examples of quasi-periodic chains of dense cores have also been
found (see, e.g., Fig. 1 and Tafalla and Hacar, 2015), but again the corresponding
characteristic spacing appears to be comparable to, rather than∼ 4× larger than, the
diameter of the parent filament. Moreover, complementary high-resolution studies
with, e.g., interferometers (Takahashi et al., 2013; Teixeira et al., 2016; Kainulainen
et al., 2013, 2017; Shimajiri et al., 2019) have provided evidence of two distinct
fragmentation modes within at least some thermally supercritical filaments: a) a
“cylindrical” fragmentation mode corresponding to clumps or groups of cores with
a separation consistent with ∼ 4× the filament width given projection effects, and
b) a “spherical”, Jeans-like fragmentation mode corresponding to a typical spacing
<∼ 0.1pc between cores (and within groups). This discrepancy between observations
and simple theoretical predictions may be understood by realizing that real molecu-
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Fig. 3 a) Prestellar core formation efficiency [CFE(AV) = ∆Mcores(AV)/∆Mcloud(AV)] in the
Aquila molecular cloud as a function of background column density expressed in AV units (blue
histogram with error bars). b) Prestellar core mass function (in ∆N/∆ logM format) derived from
Herschel Gould Belt survey data in Aquila for a total of 446 candidate prestellar cores (blue
histograms and triangles). The blue shaded area reflects uncertainties in the selection of self-
gravitating prestellar cores among the identified starless dense cores. Lognormal fits (red curves)
and a power-law fit to the high-mass end of the CMF (black solid line) are superimposed. (Both
panels adapted from Ko¨nyves et al., 2015.)
lar filaments are not isolated cloud structures in perfect hydrostatic equilibrium. In
particular, the process of filament fragmentation is modified by the presence of ac-
cretion and low levels of turbulence (Clarke et al., 2016, 2017). Interestingly, Clarke
et al. (2016) showed that the fastest growing mode for density perturbations in an
accreting filament moves to shorter wavelengths, and can thus become significantly
shorter than ∼ 4× the filament width, when the accretion rate that the filament
experienced during its formation is comparable to that observed in some filaments
such as the Taurus B211/B213 filament (∼27–50M pc−1 Myr−1 – Palmeirim et al.,
2013). While further theoretical work including, e.g., the role of magnetic fields, is
still needed to get a perfect match with observations, this is very promising.
Overall, the observational findings summarized here support a filament paradigm
for low-mass star formation, in two main steps (Andre´ et al., 2014; Inutsuka et al.,
2015): first, ∼ 0.1-pc-wide molecular filaments are assembled, presumably through
large-scale compression of cold interstellar material in supersonic MHD flows; sec-
ond, gravity takes over and fragments the densest filaments with Mline near or above
Mline,crit into prestellar cores and then protostars.
3.3 Observations of the Core Mass Function (CMF)
The dense cores identified in submillimeter continuum imaging surveys of nearby
molecular clouds may represent the local mass reservoirs out of which individual
stars form. Indeed, a sizable fraction ( >∼ 10%) of them harbor a central young stel-
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lar object and are known to be protostellar in nature, while observed prestellar cores
are morphologically very similar to protostellar cores (cf. Fig. 1b), suggesting a
genetic link between the former and the latter. Moreover, as first pointed out by
Motte et al. (1998) in the case of the Ophiuchus main cloud (L1688) more than
two decades ago, the mass distribution of prestellar cores or prestellar core mass
function (CMF) broadly resembles the stellar IMF in shape. Similar results were
subsequently reported by a number of independent groups (e.g., Testi and Sargent,
1998; Johnstone et al., 2000, 2001; Motte et al., 2001; Stanke et al., 2006; Nutter
and Ward-Thompson, 2007; Enoch et al., 2008) in nearby star-forming regions such
as Ophiuchus, Serpens, Orion A & B, and Perseus. In all of these clouds, the ob-
served prestellar CMF is consistent with the Salpeter (1955) power-law IMF at the
high-mass end (∆N/∆ logM ∝M−1.35), and significantly steeper than the mass dis-
tribution of both molecular clouds and diffuse CO clumps (∆N/∆ logM ∝M−0.7 –
e.g. Blitz, 1993; Kramer et al., 1998).
Pre-Herschel submillimeter continuum findings on the prestellar CMF were nev-
ertheless limited by small-number statistics (with typically < 100 cores in any given
study) and relatively large uncertainties in core masses due to, e.g., rather arbitrary
assumptions about the dust temperature in the cores. The Herschel Gould Belt sur-
vey (HGBS – Andre´ et al., 2010) was specifically designed to improve on this situa-
tion, by providing an essentially complete census of dense cores with well character-
ized temperatures, masses, and density profiles in most, if not all, nearby molecular
clouds. The prestellar CMFs derived from HGBS data are generally lognormal in
shape and resemble the Chabrier (2005) system IMF. In the Aquila cloud, for in-
stance, the CMF found by Ko¨nyves et al. (2015) based on a sample of ∼450 candi-
date prestellar cores, complete down to a > 90% completeness level of∼ 0.2M, is
well fit by a lognormal distribution which peaks at ∼0.4–0.6M and has a standard
deviation of∼ 0.52±0.05 in log10M, compared to a peak at 0.25M and a standard
deviation of 0.55 for the Chabrier (2005) system IMF (cf. Fig. 3b). The Aquila CMF
is consistent with an essentially one-to-one mapping between prestellar core mass
and stellar system mass (M?sys = εcoreMcore) with a core-to-star formation efficiency
εcore ∼ 0.4+0.2−0.1 (see also Alves et al., 2007). Very similar results (with similar sam-
ple sizes and mass completeness levels ∼ 0.2–0.4M) have recently been obtained
for the prestellar CMFs of Cepheus and Perseus, by Di Francesco et al. (submit-
ted) and Pezzuto et al. (submitted), respectively, also based on Herschel GBS data.
In the nearest molecular clouds of the Gould Belt at d ∼ 140pc, such as Taurus,
Corona Australis, Lupus, Ophiuchus, the HGBS census of prestellar dense cores
has reached a deeper mass completeness level of ∼ 0.1M, but the core number
statistics are lower as these clouds are significantly less massive and contain much
less dense gas. The prestellar CMFs found in these regions are nevertheless broadly
consistent with those derived in Aquila, Cepheus, Perseus, given rather large sta-
tistical uncertainties, with tentative evidence of a somewhat lower peak mass at
∼0.3–0.4M suggestive of a somewhat higher efficiency εcore ∼ 0.5–0.7 (Marsh
et al., 2016; Bresnahan et al., 2018; Benedettini et al., 2018; Ladjelate et al., 2020).
Herschel data in combination with slightly higher angular resolution (12′′) ground-
based data taken at 1.1 mm with the Large Millimetre Telescope have also allowed
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the CMF to be derived in somewhat more distant and massive cluster-forming hubs
such as Mon R2 (d ∼ 830pc), with results consistent with those obtained in Gould
Belt clouds (Sokol et al., 2019).
Interestingly, the most massive prestellar cores identified with Herschel (with
masses between M ∼ 2M and ∼ 10M) tend to be spatially segregated in the
highest column density parts/filaments of the clouds, suggesting that the prestellar
CMF is not homogeneous within a given cloud but depends on the local column
density (or line mass) of the parent filament (Ko¨nyves et al., 2020; see also Shimajiri
et al., 2019). In Orion B, for instance, there is a marked trend for the prestellar CMF
to broaden and shift to higher masses in higher density areas (Ko¨nyves et al., 2020).
A related point is the finding of “top-heavy” CMFs (with dN/d logM ∼ M−1) in
very dense clumps and filaments such as W43-MM1 imaged with ALMA in massive
star-forming complexes beyond the Gould Belt (Motte et al., 2018). These recent
results support the view that the global prestellar CMF results from the superposition
of the CMFs produced by individual filaments (Lee et al., 2017b; Andre´ et al., 2019).
In addition to prestellar cores, a large number of gravitationally unbound starless
cores are detected with Herschel, especially in the nearest clouds. The mass function
of these unbound starless cores extends well below the peak of the prestellar CMF,
approximately as a power law approaching that of the CO clump mass spectrum
(∆N/∆ logM ∝M−0.6, down to M < 0.01M in Taurus – Marsh et al., 2016).
The Herschel results have therefore confirmed the existence of a close similarity
between the prestellar CMF and the stellar IMF, with an order-of-magnitude better
core statistics and more accurate core masses thanks to direct dust temperature esti-
mates than earlier ground-based studies. The typical efficiency factor εcore ∼ 40% or
shift between the CMF and the IMF may be attributed to mass loss due to the effects
of outflows during the protostellar phase (Matzner and McKee, 2000; Machida and
Matsumoto, 2012; Offner and Chaban, 2017). Some uncertainties remain concern-
ing the exact location of the CMF peak and its detailed dependence on environment,
as well as the low-mass end of the prestellar CMF below the peak, including the
brown dwarf mass regime. The mere existence of a peak in the prestellar CMF has
been questioned on the grounds that it lies only a factor of ∼2–3 above the mass
completeness limit of current observational surveys (cf. Fig. 3b) and that it tends
to shift to lower masses when resolution is increased in numerical simulations (e.g.
Ntormousi and Hennebelle, 2019). The latter does not seem to be true in observa-
tions, however, since high-resolution interferometric studies of nearby regions with,
e.g., ALMA or NOEMA have failed to find a large number of pre-brown dwarfs,
i.e., ultra-low-mass prestellar cores in the brown-dwarf mass regime. Some good
examples of candidate pre-brown dwarfs exist (e.g. Andre´ et al., 2012), but they
appear to be quite rare compared to solar-type cores, which supports the presence
of a peak in the prestellar CMF. Moreover, when observed at higher resolution with
interferometers, Herschel dense cores typically show very little substructure and do
not split up into many smaller-scale condensations but remain single or at most dou-
ble objects (Schnee et al., 2010; Maury et al., 2010; Dunham et al., 2016; Sadavoy
and Stahler, 2017; Kirk et al., 2017; Maury et al., 2019). While more work will be
needed to fully assess uncertainties in core mass estimates and the potential impor-
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tance of subtle observational biases such as background-dependent incompleteness
effects and blending of unresolved groups of cores, the overall shape of the prestel-
lar CMF now seems reasonably well established by observations, at least for core
masses ∼0.1–10M.
The simple idea of a direct physical connection between the prestellar CMF and
the stellar IMF is thus tempting but remains debated (e.g. Ballesteros-Paredes et al.,
2006a; Clark et al., 2007; Offner et al., 2014). In particular, it should be kept in
mind that observed CMFs represent snapshots and that prestellar cores may evolve
and, e.g., grow in mass before collapsing to protostars. In fact, the many unbound
starless cores detected with Herschel provide evidence of a significant core building
phase (cf. Fig. 8 of Andre´ et al., 2014), reminiscent of the process seen in some
numerical simulations (e.g., Gong and Ostriker, 2009, 2015). Despite such caveats,
the Herschel findings summarized above tend to support models of the IMF based
on pre-collapse cloud fragmentation such as the gravo-turbulent fragmentation pic-
ture (e.g. Larson, 1985; Klessen and Burkert, 2000; Padoan et al., 1997; Padoan and
Nordlund, 2002; Hennebelle and Chabrier, 2008). More precisely, given that prestel-
lar cores are predominantly found in dense molecular filaments (see § 3.2 above),
the Herschel observations suggest that the filamentary structure of molecular clouds
plays an important role in shaping the prestellar CMF and by extension the stellar
IMF. Indeed, Andre´ et al. (2014, 2019) proposed that the peak of the prestellar CMF
results from gravitational fragmentation of transcritical, 0.1-pc-wide filaments and
that the high-mass end of the CMF may be directly inherited from the observed
Salpeter-like distribution of supercritical filament masses per unit length.
4 Theory of the Core Mass Function (CMF)
As recalled above, the shape of the CMF, which has been inferred from observations
(e.g., Ko¨nyves et al., 2015) appears to be similar to the shape of the IMF with never-
theless an important difference regarding the position of the peak. While the peak of
the system IMF is about 0.2 M (e.g., Chabrier, 2003), it is about 2-3 higher for the
CMF. This difference is attributed to the inefficiency of the core to star conversion.
Thus a number of works have examined the origin of the CMF with the hope that
it would constitute a valuable explanation for the origin of the IMF. While reason-
able, this latter assumption remains controversial in particular because it assumes
that cores, defined usually with simple gravitational boundedness in theories, do not
fragment or do it in a self-similar way.
Here we first describe the various analytical approaches that have been developed
to infer the CMF. We then describe the numerical simulations performed to study
the CMF and the conclusions that have been drawn.
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4.1 Analytical approach of the CMF
4.1.1 Simple considerations
Before presenting the various theories that have been developed to explain the origin
of the CMF, it is worth starting with some very general and simple considerations. In
3D the number of density fluctuations of wavenumber k is expected to be such that
N(k)∝ k3 simply because k3 is the volume in k space. However, the mass associated
with the fluctuation of scale R is M = ρR3 ∝ k−3, leading to
dN
dM
∝M−2. (4)
or equivalently
dN
d logM
∝M−1. (5)
The mass spectrum (5) thus corresponds to the most natural mass distribution, set
up by fluctuations obeying purely geometrical considerations. While obviously ex-
tremely elementary, this has the advantage of showing why it is not surprising that
mass spectra in the interstellar medium exhibit a power-law behaviour with an expo-
nent close to 2, namely dN/dM∼M−1.6 for unbound structures such as CO clumps,
dN/dM∼M−2.0 for stellar clusters, and dN/dM∼M−2.35 for cores/stars. In this re-
spect, it is not so surprising that many theories of the IMF have derived mass spectra
that present power-spectrum behaviour with an exponent close to -2. It is essential
when developing a theory that explains the CMF or the IMF to predict the exponent
with enough accuracy and to have full consistency of the physical assumptions.
4.1.2 The CMF from supersonic turbulence
The first theory combining supersonic turbulence and self-gravity was developed
by Padoan et al. (1997). The authors assumed a lognormal density distribution as
inferred from numerical simulations (e.g. Vazquez-Semadeni, 1994; Kritsuk et al.,
2007; Federrath and Banerjee, 2015). The regions of the flow that are thermal Jeans
unstable are then selected as the core masses. This approach led them to infer a
mass spectrum that presents as a power law at high masses as a result of the scaling
relation between local density and Jeans mass (typically dN/d logM ∝M−2). Inter-
estingly, at low masses, they infer a lognormal shape, a direct consequence of the
lognormal density distribution.
The model proposed later by Padoan and Nordlund (2002) is quite different. They
envisioned a shocked layer in a weakly magnetized medium. They further required
that the magnetic field be perpendicular to the incoming velocity field. This led
them to a CMF that has the correct shape. As discussed below, it is clear, however,
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from various hydrodynamical simulations that the magnetic field does not modify
the CMF or the IMF significantly (see § 5.3).
Hennebelle and Chabrier (2008) proposed a more general theory (see also Hen-
nebelle and Chabrier, 2013). The approach consists in counting the mass of the fluid
regions within which gravity dominates over thermal, turbulent and magnetic sup-
port, that is to say fluid elements that are gravitationally unstable. In this theory,
turbulence plays a dual role, on one hand it enhances star formation by locally com-
pressing the gas, i.e., making a broader density PDF, but on the other hand, it also
quenches star formation because of the turbulent dispersion that resists gravity.
The Hennebelle and Chabrier (2008) theory constitutes an extension of the
mathematical formalism developed by Press and Schechter (1974), which was first
adapted to star-formation context by Inutsuka (2001). The most noticeable differ-
ences are (i) the characteristics of the density fluctuations and (ii) the criteria that
unstable regions must satisfy. The density fluctuations, which are small and Gaus-
sian in the cosmological case, are assumed to be lognormal in the star formation
case. In cosmology the selection criterion is a simple density threshold while it is
based on the energy equipartition in the second case
〈V 2rms〉+3(ceffs )2 <−Epot/M. (6)
Hennebelle and Chabrier (2008) assume a Larson (1981) (see also Hennebelle and
Falgarone (2012)) velocity-size relationship for Vrms (although see §7.4 for a dis-
cussion of the validity of Larson’s relations). The turbulent rms velocity follows a
power-law correlation with the size of the region,
〈V 2rms〉=V 20 ×
(
R
1pc
)2η
, (7)
with V0 ' 1kms−1 and η ' 0.4-0.5.
In more detail, the calculations entail the following steps. First, the density field
is smoothed at a scale, R, using a window function. Second, the mass enclosed in
areas that, at scale R, have a density larger than the specified density criterion δ cR,
is inferred from the density PDF. Due to mass conservation, this unstable mass at
scale R must be equal to the integrated mass of the structures whose mass is larger
than a scale dependent critical mass McR. Mathematically, this leads to the following
expression ∫ ∞
δ cR
ρ¯ exp(δ )PR(δ )dδ =
∫ McR
0
M′N (M′)P(R,M′)dM′, (8)
where δ cR = log(ρcR/ρ¯) and ρcR =McR/(CmR3), with Cm being a dimensionless coef-
ficient of order unity, PR is the density PDF, generally assumed to be lognormal,
while P(R,M′) is the probability of having an unstable mass, M′ embedded in McR
at scale R. So far it has been assumed that P(R,M′) = 1.
Since Eq. (8) is expressed as a function of the scale, R, one can take its derivative
with respect to R to get the mass spectrum
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N (McR) = −
ρ¯
McR
dR
dMcR
dδ cR
dR
exp(δ cR)PR(δ
c
R). (9)
Note that there should be a second term that is important to explain the mass spec-
trum of unbound clumps defined by a uniform density threshold (such as observed
CO clumps), but since it plays a minor role for (virial defined) bound cores, we drop
it here. Equation (9) nicely shows that the mass spectrum depends on i) the density
PDF and ii) the mass-size relation, which follows from the virial theorem. We also
stress that so far no assumption has been made regarding the nature of the density
PDF, which therefore does not need to be a lognormal.
If we assume a lognormal PDF, whose variance is given by σ2 = ln(1+b2M 2),
then the theory is controlled by two Mach numbers. First, we have
M∗ =
1√
3
V0
cs
(
λ 0J
1pc
)η
≈ (0.8−1.0)
(
λ 0J
0.1pc
)η ( cs
0.2kms−1
)−1
, (10)
defined as the velocity dispersion to sound speed ratio at the mean Jeans length, λ 0J
(and not at the local Jeans length). Note thatM∗ simply represents the first term of
Eq. (6). Second, we define the Mach number, M , at the injection scale, Li, which
we assume to be the typical size of the cloudM = 〈V 2〉1/2/cs.
While the Mach number,M , broadens the density PDF, which tends to promote
star formation by creating new overdense collapsing gas,M∗, which we recall plays
a role through energy equipartition, is the additional non-thermal support induced
by the turbulent dispersion. At large scales turbulence stabilizes the parcels of fluid
that would be gravitationally unstable if thermal pressure were present as clearly
shown by Eq. (6).
ForM∗ 1, that is to say when the turbulent dispersion is small with respect to
the thermal support, it can be inferred from Eq. (9) that the CMF at large masses is
identical to the result of Padoan et al. (1997) i.e., dN/d log M ∝ M−2 (see Hen-
nebelle and Chabrier (2008) for further details). When M∗ ' 1, dN/d log M ∝
M−(n+1)/(2n−4), where the index of the velocity powerspectrum n is related to η
by the relation η = (n− 3)/2. Since numerical simulations have demonstrated
that n ' 3.8− 3.9 (e.g., Kritsuk et al., 2007), the predicted slope is very close to
Salpeter’s estimate and equal to about 1.25-1.4.
Hopkins (2012) and Hopkins (2013b) proposed a complementary formulation
using excursion set theory (Bond et al., 1991), which is based on random walks
in the Fourier space of the density field. Clouds are defined by the scale at which
density fluctuations cross a specific barrier, that is to say, they reach the scale-
dependent density threshold relevant for the problem under consideration. To study
gravitationally bound clouds, Hopkins (2013b) also use the Virial theorem as stated
by Eq. (6). They propose a global model that includes spatial scales larger than
that of molecular clouds, which describes the whole galactic disc. An appealing
concept is that the clouds defined as density fluctuations that first cross the barrier
(that is to say when diminishing the spatial scale this is the first time, that self-
gravity becomes dominant) present a mass spectrum that is slightly shallower than
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dN/d log∝M−1. On the other-hand the density fluctuations that cross the barrier for
the last time (i.e., at small spatial scales, self-gravity never dominates again) have
a mass spectrum almost identical to the one inferred in Hennebelle and Chabrier
(2008). The physical interpretation is as follows. The first type of structure, that is to
say the fluctuations that cross the barrier for the first time, likely represent massive
molecular clouds. They are not themselves embedded in a larger self-gravitating
cloud, while the second type likely represents prestellar core progenitors. Indeed it
suggests that, while large-scale self-gravitating clumps should have a mass spectrum
close to dN/d logM ∝M−0.8−1, the mass spectrum of the smallest self-gravitating
fluctuations, likely analogs of dense cores, should be close to the observed CMF.
4.1.3 The CMF from filaments
As suggested by recent observations (see e.g. Andre´ et al., 2014), most dense cores,
if not all, appear to be located inside filaments. Thus, various efforts have been
undertaken to understand core formation inside filaments.
The first approach to infer the CMF from a filamentary cloud was proposed by
Inutsuka (2001) who considered a critical filament collapsing along its major axis
but not radially. In particular, the line-mass function obtained by Inutsuka (2001)
predicts dN/dM ∝M−2.5 provided the density fluctuations follow δ 2 ∝ k−1.5. Roy
et al. (2015) have recently obtained the power spectrum of density fluctuations along
sub-critical filaments in the Gould Belt Survey. They infer that δ 2 ∝ k−1.6, which is
compatible with the value assumed by Inutsuka (2001). Note that strickly speaking
the mass function discussed by Inutsuka (2001) corresponds to the mass function
of stellar systems, i.e., groups of stars, which may include binary or multiple stars,
which are typically separated by 4-8 times the filament width. Technically, Inutsuka
(2001) considered the integral over the mass that appears in eq. (8) from MR to ∞,
which corresponds to the first crossing (Hopkins, 2012) and not from 0 to MR, which
is the last crossing and should represent the smallest self-gravitating objects.
More recently, Lee et al. (2017b) presented an analytical theory for both the CMF
and the mass function of groups of cores within supercritical filaments, that is to say
they considered the mass function obtained by estimating the mass integral in eq. (8)
both between 0 and MR and between MR and ∞. The theory, which generalizes the
calculations performed by Inutsuka (2001) and Hennebelle and Chabrier (2008),
considers magnetized filaments that are radially supported by turbulent motions and
have a constant width assumed to be close to 0.1 pc (Arzoumanian et al., 2011,
2019). The model of Inutsuka (2001) is a one-dimensional that considers fragmen-
tation along the filament axis, while Lee et al. (2017b) describe the one-dimensional
fragmentation into groups and the 3-dimensional fragmentation into cores, that are
smaller than the filament width. This picture is supported by observation of prestel-
lar core distribution within filaments which shows regular grouping along the fila-
ment (e.g. Hacar et al., 2013; Kainulainen et al., 2013; Takahashi et al., 2013). By
assuming a functional dependence between the length and the radius of the den-
sity fluctuations, this approach describes the transition from small nearly spherical
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Fig. 4 CMF inside filaments of different mass per unit length and magnetization. Solid curves
show the CMF in non-magnetized filaments of 40 (yellow), 160 (light green), and 640 (dark green)
M pc−1 with increasingly wide curves. Dashed and dot-dashed light green curves show the CMF
in 160 M pc−1 filament with an Alfve´nic Mach number, Malfv = 2 and 1. The dot-dashed dark
green curve shows the CMF in a 640 M pc−1 filament with Malfv = 1. The straight line shows
the slope -1.33 measured by Ko¨nyves et al. (2015) in Aquila. Canonical values of 10 pc length and
0.1 pc diameter are used for all filaments. Figure extracted from Lee et al. (2017b).
fluctuations to large and elongated ones. While the former are not affected by the
filamentary geometry of the cloud, the latter, on the contrary, are almost one dimen-
sional objects and they only see the one-dimensional fluctuations along the filament
axis.
The predicted CMF (see Fig.4) is found to depend on the mass per unit lengths
(MpL) and the magnetic intensity. In particular, it is found that in the absence of
magnetic field, filaments with high MpL fragment into too many small cores. In the
presence of a moderate magnetic field and for sufficiently high MpL, the CMF is
compatible with the observed ones, that is to say it presents a peak around 0.5-1 M
in general. This however requires the Alfve´nic Mach number, Malfv, to be on the
order of 2-3. For lower values, typicallyMalfv ' 1, no low-mass core would develop
and the peak of the CMF would be at values of 10 M or more.
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Fig. 5 Global CMF resulting from the sum of the individual CMFs of filaments having a mass
per units length distribution dN/d logMpL ' MpL−1.2(solid) or MpL−1.5 (dashed). The colors
correspond to the summed CMF with different upper bounds of the mass per unit length as shown
in the plot. Gray curves represent the CMF from individual filaments. A CMF in good agreement
with observations is obtained for an Alfve´nic Mach number of 5. Figure extracted from Lee et al.
(2017b).
Figure 4 shows that for filaments with low MpL, typically the nearly critical
ones, the CMF is sharply peaked around the mean filament Jeans mass. Both low-
and high-mass cores are therefore absent. Consequently, the question arises how
exactly the CMF is determined in the filament scenario. Is it established separately
in most filaments or does it come from the contribution of a population of filaments
with different MpL? Indeed Andre´ et al. (2014, 2019) found that filaments present
a distribution of mass per unit length (filament line mass function, FLMF) that is
proportional to dN/d logMpL ' MpL−1.5 in the MpL range between ∼ 10 and ∼
200 M/pc.
Lee et al. (2017b) calculated the total CMF resulting from the individual CMF
of filaments having MpL that follows the distribution dN/d logMpL ' MpL−1.5.
Figure 5 displays the results for two values of magnetic over turbulent energy corre-
sponding toMalfv = 5 and 1. Stronger magnetic fields allow the formation of more
massive fragments, while decreasing the total number of fragments and drastically
reducing the number of low-mass ones. A striking result is that only when filaments
with high MpL are included does the convoluted CMF recover a Salpeter-like slope
at large masses. This implies that magnetized massive filaments, with magnetic field
energy in rough equipartition with turbulent energy, are necessary to reproduce the
observed slope of the CMF. Filaments with such high MpL are statistically rare,
while they are indeed observed in the massive DR21 ridge (Hennemann et al., 2012,
∼ 4000 M/pc) and in the W43-M11 cloud (Motte et al., 2018, ∼ 6000 M/pc).
When the magnetic field is too strong, the fragmentation is very limited and the peak
of the CMF happens at values larger than the observed peak. For low levels of mag-
netization, the whole mass spectrum, including the low-mass end, is dominated by
filaments of high MpL that fragment excessively, and thus the peak position varies
with the upper mass limit of integration. AtMalfv <∼ 5, the impact of magnetic field
becomes important enough for the peak mass to become basically independent of
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the integration over the filament population, producing reasonable agreement with
Chabrier (2005) With an Alfve´nic Mach number of a few, the model reproduces the
scenario suggested by observations in § 3.3.
4.1.4 Effect of gas accretion
Using pure n−body numerical simulations, Kuznetsova et al. (2017) have shown
that groups of particles (clusters, in their picture) develop a mass function with slope
of −1 and an M˙ ∝ M2 relation. This scaling relation comes from the gravitational
focusing effect of the stellar potential that leads to competitive accretion. A similar
idea was explored by Maschberger et al. (2014); Bonnell et al. (2001), while they
found M˙ ∝M2/3, as a result of gas-dominated gravitational focusing. Such relations
can naturally lead to a powerlaw shape for the mass function. Since the simulations
lack thermal physics, these authors concluded that gravity is responsible for devel-
oping a Salpeter-like slope and that some type of Bondi-Hoyle-Littleton accretion1
must occur due to gravity not only for stars, but also at cluster scales Ballesteros-
Paredes et al. (2015); Kuznetsova et al. (2017, 2018).
Motivated by these results Va´zquez-Semadeni et al. (2019) made the conjecture
that the connection between the CMF and the IMF is a natural consequence of a
global, hierarchical and chaotic collapse of the molecular cloud (see also Zinnecker,
1984): at all scales, objects accrete from their parent structures mainly due to gravity
in a self-similar way. This simple result explains why numerical simulations with
gravity tend to produce CMF and/or IMFs consistent with Salpeter slopes. On the
contrary, when turbulent motions are strong, the density field fragments in excess,
overpopulating the small scales (Kim and Ryu, 2005), i.e., producing an excess
of small-scale cores and a deficit of large-scale ones (Ballesteros-Paredes et al.,
2006b). In such cases, the resulting IMF shows only a few large-mass sinks and
no low-mass ones (Clark et al., 2008; Bertelli Motta et al., 2016). This is because
only the few large cores that eventually form in such violent environments meet the
conditions to also form a sink, namely, to be massive enough for gravity to overcome
turbulent support.
On the other hand, some theories considered the accretion being stopped due to
the exhaustion of the mass reservoir or the outflow from the protostar, therefore set-
ting the final mass of the star. These models either consider outflow counterbalanc-
ing the infall rate (Adams and Fatuzzo, 1996), a functional decay of mass accretion
rate (Basu and Jones, 2004; Myers, 2009), or a probability for the core to be ejected
from the initial mass reservoir (Bate and Bonnell, 2005; Essex et al., 2020). These
models are mostly based on adjustable statistical parameters. They have the advan-
tage of being flexible to reproduce the observed CMF, while lack a precise link to
the underlying physical mechanisms.
1 see §5.2.1
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4.2 Difficulties of the gravo-turbulent theories
One natural question about any IMF theory is to which extent it varies with phys-
ical conditions. Indeed, there is strong observational support for a nearly invariant
form and peak location of the IMF in various environments under Milky Way like
conditions (see e.g. Offner et al., 2014). Theories invoking the Jeans length like the
ones presented above may have difficulties explaining the apparent universality of
the peak since it is linked to the Jeans mass, which varies with gas density. Indeed,
Fig.4 clearly shows that when different choices are made regarding the magnetic
field or the filament mass per unit length, the integrated CMF from a filamentary
region can be drastically different and the peak position may change significantly.
Various solutions to this problem have been proposed. For instance, Elmegreen
et al. (2008) and Bate (2009c) argued that the gas temperature may be an increas-
ing function of density, leading to a Jeans mass that weakly depends on the density,
while Hennebelle (2012) and Lee and Hennebelle (2016) proposed that for clumps
that satisfy Larson’s relations, there is competition between the Mach number de-
pendence of the density PDF and the density dependence of the Jeans mass, eventu-
ally leading to a peak mass that is insensitive to the clump size.
A related problem comes from the density PDF. In the theories discussed above,
it has been assumed to be lognormal. However in a collapsing cloud, this is not the
case. The density PDF develops a high-density tail, which is typically ∝ ρ−1.5 (e.g.,
Kritsuk et al., 2011). In this case, the CMF predicted by gravo-turbulent models does
not present a peak, instead a scale-free mass spectrum is inferred from a scale-free
density PDF (Lee and Hennebelle, 2018a). Therefore, the origin of the CMF peak
(and therefore the IMF peak if one assumes that they are linked) remains unclear.
4.3 Modeling the CMF in numerical simulations
Various numerical simulations have simulated the formation of dense cores in
molecular clouds. A broad diversity of initial conditions, physical processes, nu-
merical setup and techniques have been used, so we do not review them here. The
cores themselves have to be identified in the simulations and usually this is done in
post-processing using a clump finding algorithm. In a second phase, the amount of
thermal, magnetic and possibly even turbulent support must be estimated, and only
unstable dense cores are usually selected.
The CMF has been inferred by Ballesteros-Paredes et al. (2006b), Tilley and Pu-
dritz (2007), Nakamura and Li (2008), Nakamura and Li (2011), Chen and Ostriker
(2014) and Hennebelle (2018). In most cases the inferred CMF is similar to the
observed CMF (Ko¨nyves et al., 2015) (although Ballesteros-Paredes et al. (2006b)
argue that the shape may depend on the Mach number, since larger Mach numbers
fragment the medium in a more vigorous way, modifying the density power spec-
trum of the cloud (Kim and Ryu, 2005)). Typically, the simulated CMF exhibits a
peak and a powerlaw at large masses with an exponent that is usually compatible
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with the observed one (Tilley and Pudritz, 2007; Nakamura and Li, 2011; Hen-
nebelle, 2018). These CMFs are therefore consistent with the scenario in which
core formation is due to gravity and turbulence support while magnetic fields do not
have a significant impact (e.g. Fig.11 of Nakamura and Li, 2011).
The question of the peak remains controversial. As discussed in §3.3, the ob-
served peak of the CMF is typically around 0.5-1 M. In numerical simulations the
peak of the CMF is problematic for several reasons. First, isothermal simulations
with ideal MHD have no preferred scale and can be rescaled at will. Thus the peak
position is not well determined. It relies on the initial conditions, which in prin-
ciple can vary significantly. Second, the issue of numerical convergence must be
thoroughly checked. In the simulations presented in Hennebelle (2018), it has been
found that the peak of the CMF varies with numerical resolution. In contrast, Gong
and Ostriker (2015) concluded that in their colliding flow calculations, the peak is
robust and does not depend on numerical resolution. While the reason for this appar-
ent contradiction remains to be clarified, it is likely due to differences of the physical
conditions studied. In highly bound regions, gravity induces a density PDF with a
high-density powerlaw tail in which case the real CMF may not present a peak at
all (see discussion in Lee and Hennebelle (2018a)). Therefore, the appearance and
location of the CMF peak depends on the numerical resolution of the simulation.
On the contrary, in clouds not dominated by gravity, the PDF tends to be lognormal
in which case the CMF displays a real peak and therefore convergence is possible.
5 The Initial Mass Function (IMF): theory and simulations
5.1 The characteristic mass of the IMF: a peak
Several theories have been proposed to explain the origin of the characteristic or
peak mass of the IMF. Here, we describe four different models. Since star forma-
tion often involves very hierarchical collapse that produces subsequently smaller
and smaller fragments, many models for the peak mass concern ways to impede
fragmentation and impose a lower limit on the star-formation mass. The proposi-
tions discussed below are not necessarily mutually exclusive. It is possible that the
coincidence of multiple mechanisms actually leads to a very similar IMF peak mass
in very difference environments.
5.1.1 The equation of state of moderately dense gas
The value of the Jeans mass is a natural first approach to explain the characteristic
mass. The Jeans mass is a simple function of temperature and density. For a gas
described with a barotropic equation of state (EOS), one can calculate the Jeans
mass for all densities. Larson (1985) proposed that there exists a critical Jeans mass
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that corresponds to the knee in the EOS near 105 cm−3 , where the polytropic index
goes from ∼ 0.7 to unity. This critical mass happens around the observed IMF peak
and was suggested to be its origin (see also Elmegreen et al., 2008). The Jeans mass
is expressed as
MJeans =
pi
6
c3s√
G3ρ
=
pi
6
(
kB
µmpG
)3/2
ρ−1/2T 3/2 (11)
= 5.1×10−4M
( n
1010cm−3
)−1/2( T
10K
)3/2
,
where kB is the Boltzman constant, µ the mean molecular weight, mp the proton
mass, and n the molecular number density.
Fig. 6 shows the temperature and corresponding Jeans mass for a gas with the
following EOS:
P ∝

n0.7 for n< 105 cm−3
n for 105 cm−3 < n< 1010 cm−3
n5/3 for n> 1010 cm−3
(12)
The transition at n = 105 cm−3 gives a knee in the Jeans mass-density relation
around 0.1 M. Nonetheless, this is not a local extremum, and thus does not lead to a
characteristic mass. On the other hand, the other transition at 1010 cm−3 actually re-
sults in a minimum Jeans mass at several 10−4 M, which is much smaller than the
IMF peak mass. Consequently, simple arguments from Jeans fragmentation alone
cannot easily explain the observed IMF characteristic mass. More accurate calcu-
lation of detailed description of the thermodynamics show that the minimum Jeans
mass corresponds to the observed peak of IMF (Masunaga and Inutsuka, 1999, and
see also § 5.1.5).
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Fig. 6 Jeans mass (orange) and temperature (blue) as a function of gas number density for an
equation of state with polytropic index γ = 0.7 for n < 105 cm−3, γ = 1 for 105 cm−3 < n <
1010 cm−3, and γ = 5/3 for n> 1010 cm−3.
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5.1.2 The influence of stellar feedback
A second possible explanation for the characteristic mass is still linked to the Jeans
mass of the gas but also accounts for the local effects of stellar feedback (Offner
et al., 2009; Bate, 2009c; Krumholz et al., 2011; Guszejnov et al., 2016). When a
protostellar core forms, it heats the surrounding gas and therefore increases the local
Jeans mass, counterbalancing the effect of the increased local density. For example,
Bate (2009c) derived the effective local Jeans mass when the accretion luminosity
heating is taken into account:
Meff ≈ 0.5 M
(
ρ
1.2×10−19g cm−3
)−1/5( L∗
150L
.
)3/10
. (13)
The effective fragmentation mass near a protostar is therefore close to the IMF char-
acteristic mass and exhibits only depends weakly on the local density and the ac-
cretion luminosity. However, the physical extent to which heating influences the
stellar surroundings depends on a variety of local factors. For low-mass stars, i.e.,
M∗ <∼ 3M and M˙ <∼ 10−5Myr−1, heating extends only to a few hundred to a few
thousand au and the temperature distribution depends on the accretion rate, local
density, and any gas asymmetries such as the outflow.
5.1.3 The role of turbulence
The third argument for the characteristic mass arises from CMF theory, which leads
to a modified Jeans mass when density fluctuations are generated in a turbulent
medium, as opposed to the conventional Jeans mass, which is derived for a uniform
medium. The gravo-turbulent model of Hennebelle and Chabrier (2008) predicts a
CMF peak mass (and the IMF peak by a factor ∼ 1/3) that is given by
Mpeak =
MJeans
1+b2M 2
, (14)
where b is a factor around 0.5 that depends on the compressional and solenoidal
fraction of the turbulence, andM is the turbulent Mach number. For clouds in virial
equilibrium, turbulence balances against self-gravity, giving the relation
M 2 ∝ v2tur/Tcld ∝Mcld/(RcldTcld) ∝ ρR
2
cld/Tcld, (15)
where the subscript cld indicate the global quantities of the cloud. Combining Eqs.
(15) and (11), the IMF peak mass in a cloud with supersonic turbulence behaves as
Mpeak ∝ ρ
−3/2
cld R
−2
cldT
5/2
cld . (16)
Taking Larson’s relations (Larson, 1981) ρ ∝ R−1 for the density-size relation and
a polytropic equation of state for the diffuse molecular cloud T ∝ ρ−0.3, the peak
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mass depends on the cloud density, or mass, as
Mpeak ∝ ρ−0.25cld ∝M
0.125
cld , (17)
which is insensitive to the parent cloud mass that can vary by several orders of
magnitude. The powerlaw exponent depends on the exact scaling relations that are
used, but should be a fairly good estimation.
5.1.4 The role of filaments
As discussed in § 3.3 and § 4.1.3, transcritical filaments (∼ 16 Mpc−1) are common
in filamentary star-forming regions. With a typical width of 0.1 pc (Arzoumanian
et al., 2011), the gravitational instability that develops at a few times the filament
width gives typical fragment masses of a few Solar masses (see e.g. Inutsuka and
Miyama, 1992, 1997). If the filament only fragments along its axis, critical filaments
would need to slightly contract in the radial direction before fragmenting, such that
the characteristic mass matches with the observed value. Meanwhile, the typical
Bonnor-Ebert mass expected in such filaments is ∼ 0.5 M (see Andre´ et al., 2014,
2019, and Sect. 5.6 in Chap. 7). When sub-fragmentation happens inside the groups
(that form from 1D fragmentation), the typical CMF mass is readily recovered.
5.1.5 The mass of the first hydrostatic core and tidal forces
Finally, another proposition for the peak mass evokes a natural characteristic mass
that arises during the star formation process. When the gas number density reaches
n ∼ 1010cm−3, the dust opacity becomes significant and its coupling with the gas
makes the latter behave adiabatically under compressional heating. The collapse of
a diffuse isothermal gas is therefore halted at this density, forming a first hydro-
static core, or first Larson core (FLC) (Larson, 1969). During this phase, the gas is
thermally supported and accumulates a mass of ∼ 10−2 Mbefore reaching the hy-
drogen dissociation temperature (∼ 2000 K) at the center and triggering the second
collapse leading to the formation of a second core or a protostar (analytically de-
rived by Masunaga and Inutsuka (1999) as function of temperature of the cloud and
dust opacity, or numerically simulated by Vaytet and Haugbølle (2017) ). Except
for stars with very low or high mass, most star formation goes through the above-
described process, indicating that the mass of the FLC is a natural lower mass limit
for stars (e.g. Bhandare et al., 2018).
Lee and Hennebelle (2018b) found a tight correlation between the peak of the
stellar mass spectrum and the mass of the FLC derived from the barotropic EOS,
by artificially varying the analytical description of the EOS, with a factor 10 be-
tween the two values (cf. 7). When a FLC forms, this concentrated mass generates a
gravitational tidal field around it. This field is destructive in the radial direction and
makes any nearby self-gravitating collapse more difficult, thus decreasing fragmen-
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Fig. 7 The mass of the FLC varies with the choice of the barotropic EOS. Simulations of cluster
formation show a strong correlation between the peak of the mass spectrum and the mass of the
FLC derived analytically, with a factor of 10 between the two values. Figure adapted from Lee and
Hennebelle (2018b).
tation in its surrounding. The non-fragmented gas thus has a chance to be accreted.
Combining the effect of turbulence, which creates potentially self-gravitating den-
sity fluctuations, and the effect of tidal protection around an existing core (protostar),
the star that forms within this FLC will eventually reach a final mass ten times its
initial mass, that is, ∼ 0.2 M, which is very close to the observed IMF peak.
5.2 The high-mass end of the IMF: a powerlaw
There has been a long standing debate about whether the stellar mass is determined
by nature or nurture, that is, whether a protostar, once formed, accretes from a pre-
determined mass reservoir or stochastically from the ambient medium. Below we
discuss two theoretical models that explain the power-law behavior of the IMF from
opposite sides of the nature versus nurture star-formation debate.
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5.2.1 The IMF from stochastic/competitive accretion
We first discuss the IMF as derived from stochastic processes. The stochastic mass
accretion rate is both related to the medium within which the protostar situates and
to the properties of the locally concentrated gas, which is described by Bondi-Hoyle-
Littleton accretion (Zinnecker, 1982; Bonnell et al., 2001; Edgar, 2004):
M˙ =
4piG2M2ρ0
(c2s +δv2)
3/2 ≡ αM2, (18)
where ρ0 is the ambient gas density, cs the thermal sound speed, and δv the relative
ambient gas velocity. With this accretion rate, one can relate the mass of a star to
that of the initial stellar seed:
M0 =
M
1+αMt
. (19)
Therefore, from any initial mass function ζ0(M0) for a population of stellar seeds,
the mass function at later time becomes
N =
dN(M)
d logM
=N0
(
M
1+αMt
)
(1+αMt)−1 , (20)
which asymptotically approaches M−1 for late times. This scenario is examined by
Ballesteros-Paredes et al. (2015); Kuznetsova et al. (2017, 2018). Assuming a very
simplified physical setup of isothermal gas to avoid other complex effects, they in-
deed obtained a powerlaw distribution for sink particle masses withN (M)∝M−1.
They examined the relation between the instantaneous mass of the sink particles and
the corresponding accretion rate and found such relation to be broadly consistent
with Bondi-Hoyle-Littleton accretion, that is, M˙ ∝ M2. Ballesteros-Paredes et al.
(2015) showed that this is valid for sinks with similar values of α ∝ ρ/(c2s +δv2)3/2
and that a similar relation holds even if α varies in time, i.e., α = α(t). We note
that there is a significant dispersion around this suggested relation, which is proba-
bly because estimating α is complicated when the density and velocity structure is
complex.
5.2.2 The IMF from a pre-determined mass reservoir
This family of IMF theories are based on the assumption that the mass of a prestellar
core forms a protostar with some typical efficiency. Therefore, a theory for the CMF
leads directly to an IMF prediction, sometimes with some further mapping assump-
tions. The CMF models are reviewed in 4.1.2, and thus we do not further discuss
here.
The simplest mapping between the CMF and the IMF assumes a constant 40%
formation efficiency, as suggested by the observed offset between the CMF and
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IMF peaks (see e.g. Ko¨nyves et al., 2015). In this case, the IMF has exactly the
same shape as the CMF, only shifted to lower masses. Lee and Hennebelle (2018a)
used the CMF model by Hennebelle and Chabrier (2008) to explain the sink particle
mass spectrum and showed consistent results between the theory and numerical re-
sults. Besides comparing the sink mass function with the CMF prediction, they also
compared the time for the sink to reach its final mass and the model predicted for
the free-fall time of the mass reservoir, as shown in Fig. 8. A few conclusions can be
drawn from this figure. First, the CMF model does explain the trend of the time-mass
relation, although there is a significant dispersion around the model prediction. This
means that both a pre-existing mass reservoir and competitive accretion that hap-
pens later can play significant roles in determining the final stellar mass. Secondly,
the trend is only reproduced above the IMF peak, while below the peak there is a
de-correlation between the CMF and the IMF, suggesting different mechanisms for
the peak mass as discussed earlier in § 5.1.
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Fig. 8 Sink accretion time versus mass for two simulations of initially diffuse (left) and dense
(right) molecular clouds. The time it takes for a sink to reach 90% of its final mass is plotted
against the final mass with red dots. The black curve is the theoretical prediction of the free-fall
time of the mass reservoir. Figure extracted from Lee and Hennebelle (2018a).
An important unresolved problem is that numerical simulations systematically
produce IMF slopes that are shallower than the Salpeter value, mostly shallower than
Γ =−1 (e.g Ballesteros-Paredes et al., 2015; Girichidis et al., 2011; Krumholz et al.,
2012; Bonnell et al., 2011; Jappsen et al., 2005; Bate, 2009c, 2012). For example,
Lee and Hennebelle (2018a) found two regimes of protocluster initial conditions
that result in different stellar mass spectra. When turbulence is the main supporting
agent against gravity, the mass function behaves as dN/d logM ∝ M−3/4. On the
other hand, when thermal support is relatively important, dN/d logM ∝M0.
As discussed in § 4.1.2, many CMF theories identify bound structures in a turbu-
lent ISM that is described with a lognormal density PDF. However, Lee and Hen-
nebelle (2018a) showed that the CMF theory of Hennebelle and Chabrier (2008)
must be adapted with a powerlaw density PDF P(logρ) ∝ ρ−1.5, which is typi-
cal of collapsing gas with density profile ρ ∝ r−2. Repeating the same exercise, the
modified CMF theory recovers the mass function slopes found in simulations.
Nonetheless, it is important to remember that the entire core mass does not go
into the star or even into a bound multiple system (e.g., see discussion of CMF to
IMF mapping in Offner et al., 2014). Besides simple mapping with a certain forma-
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tion efficiency, more sophisticated models consider possible fragmentation during
the collapse of the prestellar core. For example, Guszejnov and Hopkins (2015)
considered possible fragmentation of prestellar cores using excursion set theory.
With larger cores having a higher tendency to fragment, they infer an IMF slope of
Γ =−1.3 and a slightly shallower slope of Γ =−1.1 for the CMF.
5.3 The IMF from numerical simulations
Simulations aiming to resolve the stellar IMF directly face more extreme numerical
challenges than those studying the CMF, since they must model pc scales down
to sub-au scales. The large dynamic range is usually bridged using sinks particles.
Implemented in both smooth particle hydrodynamics (SPH, Lagrangian) codes and
Grid-based (Eulerian) codes, sink particles represent the highly concentrated mass
that is not resolved with the fluid description. Sink particles are point masses that
interact with the rest of simulation only through gravity. Though physically small
in size, sink particles are associated with an accretion radius, which is usually a few
times the resolution element. Within the accretion radius, the accretion of mass and
angular momentum onto the sink particle is assigned numerically with an algorithm
of choice. Many codes use a density thresholding algorithm for the sink accretion,
putting the excess mass over some density threshold in surrounding cells onto the
sink particle. Other codes include more sophisticated criteria such as requiring the
total energy to be negative or the flow to be converging (e.g., Bate et al., 1995;
Bleuler and Teyssier, 2014; Federrath and Klessen, 2013). One caveat is that sink
particles are essentially unresolved mass, which can represent anything, according
to the physical resolution of the simulation. Only when the resolution is carefully
chosen such that the sink particles correspond to individual stars, is it meaningful to
compare the mass function of the sinks with the IMF.
Numerous simulations have been performed to investigate the origin of the IMF
(e.g., Offner et al., 2014). Numerical simulations that investigate cluster formation
are usually initialized with an isolated molecular cloud that is prone to global col-
lapse or a piece of molecular cloud with periodic boundary conditions and turbu-
lence produced through forcing in Fourier space. These simulations essentially have
very similar setups to those used for studying the CMF and structure formation
within molecular clouds. General processes such as gravity, turbulence, magnetic
fields, thermal radiation and stellar feedback are included. The first two of these
are basic and necessary ingredients; often simplifications are made in each study
to reduce the complexity of the problem and to focus on particular mechanisms.
The magnetic field is neglected in many studies, since it introduces anisotropy and
makes the simulation more complicated. Nonetheless, as discussed in § 4.3, it does
not have a strong impact on prestellar core formation, and thus in turn does not affect
the IMF. On the other hand, thermal radiation appears to be critical for matching the
observed IMF (e.g., Offner et al., 2014). However, radiation transport is computa-
tionally costly, such that a simple isothermal or barotropic equation of state (EOS)
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is often used to describe the gas temperature, which is a good approximation for the
diffuse ISM in general. However, after stars begin to form, stellar feedback occurs
and the extra heating makes the thermodynamic behavior near accreting protostars
very different from a barotropic description. In this case, the thermal radiation must
be calculated self-consistently in order to correctly describe the gas thermodynam-
ics. Next, we discuss two categories of numerical studies of the IMF: those that use
an analytical EOS and those that consider thermal radiation and feedback from stars.
5.3.1 Isothermal and barotropic calculations
An isothermal simulation with gas temperatures of 10− 20 K, the molecular ISM
temperature, is the simplest setup to investigate the parameter space of physical con-
ditions that impact the IMF. Since pressure scales linearly with density, isothermal
simulations are actually scale-free and can be rescaled to any temperature or corre-
sponding mass/size. Isothermal simulations are therefore used to study essentially
the high-mass and scale-free behavior of the IMF with varying cloud parameters
such as global density, thermal virial parameter and turbulence properties (Bonnell
et al., 2003; Clark et al., 2008; Ballesteros-Paredes et al., 2015, e.g.[). Girichidis
et al. (2011) investigated the effect of the cloud density profile and the composition
of the turbulence modes (compressive and solenoidal). They found the IMF to be
more top-heavy for clouds with an initial central density concentration, while com-
pressive turbulence caused stars to form more rapidly without changing the IMF
shape. Lee and Hennebelle (2018a) and Guszejnov et al. (2018) also found a top-
heavy IMF in clouds that rapidly developed a central peak. Lee and Hennebelle
(2018a) studied the effect of initial density and turbulent support and found the
top-heaviness comes from the dominance of global thermal energy over turbulent
support. Guszejnov et al. (2018), on the other hand, concluded that a large thermal
virial parameter leads to monolithic collapse.
As noted above an isothermal, collapsing gas is self-similar and has no character-
istic scale (e.g., see self-similar solutions by Shu, 1977; Whitworth and Summers,
1985). Therefore, the numerical resolution scale becomes important at some stage
and eventually limits the formation of the smallest fragments. Consequently, an
isothermal EOS is only useful for studying the high-mass behavior of the IMF, while
the low-mass end, or the turnover mass, cannot be revealed by this kind of physi-
cal setup. Indeed, when gas reaches a star-forming density (say ∼ 1010cm−3) the
isothermal approximation becomes invalid, because dust particles become opaque
to thermal radiation and thus heat is trapped instead of radiated away freely. This
allows the gas to heat adiabatically when compressed, with an adiabatic index of
γ = 5/3 initially and γ = 7/5 after the excitation of the rotational levels near 100 K
. The increased thermal pressure can locally support against gravitational collapse
at the center of a prestellar core, therefore limiting the increase of density and sub-
sequent fragmentation. When hydrogen molecules start to dissociate at ∼ 2000 K,
this endothermic reaction causes the effective γ to drop to ∼1, allowing the second
collapse to proceed and form a protostar.
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Thus, it is clear that the IMF is not scale-free all the way down to small masses,
and some mechanisms limit the fragmentation into small objects. A barotropic EOS
is the most inexpensive choice that can reasonably mimic the thermal behavior of
dense gas. A barotropic EOS with an adiabatic branch at high densities are used
in simulations (e.g., Offner et al., 2008) to study the low-mass and brown dwarf
regime of the stellar mass spectrum. For example, Bate et al. (2003); Bate and Bon-
nell (2005); Bate (2005, 2009a,b) used γ = 7/5 over a critical density and studied
the variation of the characteristic mass with different global cloud conditions. The
series of studies by Bonnell et al. (2008); Smith et al. (2009); Bonnell et al. (2011)
employed a multi-segment EOS that spans the γ variation in the full density range
up to protostellar collapse. They show that the non-isothermal part of the EOS is in-
deed directly linked to the IMF characteristic mass and is needed to explain the full
stellar spectrum (e.g. Lee and Hennebelle, 2018b; Hennebelle et al., 2019; Colman
and Teyssier, 2020).
5.3.2 Simulations with radiation and radiative feedback
The thermal behavior inside a dense collapsing core is actually more complicated
than a barotropic EOS, since thermal radiation depends on the local density, tem-
perature, metallicity, and directional variation of these parameters. A full radiative
transfer calculation is therefore needed to study more precisely the behavior of the
gas when it approaches star-forming densities (Offner et al., 2009; Bate, 2009c;
Urban et al., 2010; Bate, 2012, 2014; Krumholz et al., 2012).
At the scale of prestellar cores, heat comes from energy released through grav-
itational collapse. However, at the stellar scale, which is not numerically resolved,
accretion onto the stellar surface and the luminosity from the star itself also con-
tribute to heating the surroundings. For example, Offner et al. (2009); Urban et al.
(2010); Krumholz et al. (2012) prescribed radiative feedback from the sink particles,
including accretion luminosity, and studied the effect of possible self-regulation in
the vicinity of a forming star and inside the stellar cluster. These studies found that
stellar radiation feedback has a significant influence on both the cloud and on the re-
sulting mass spectra. In particular, radiative heating reduced the occurrence of disk
instability and thus eliminated the excess production of brown dwarfs previously
found in calculations without radiation (e.g., Bate, 2009a). This is due to the intense
radiation emitted during the accretion process.
Krumholz et al. (2012) also take into account the winds that are expected to
be generated by young protostars. They found that radiation can escape through the
wind cavity and therefore that the radiation heating is less important; this eliminated
the “over-heating problem” in which increasing gas temperatures in massive star-
forming regions may shift the IMF to higher masses over time. In this case they
infer mass spectra that resemble the mass spectra at higher masses obtained when
the accretion luminosity is not accounted for (e.g. Bate, 2014) or even obtained with
a barotropic equation of state (e.g. Hennebelle et al., 2019). More massive stars, on
the other hand, produce ionizing radiation that can influence a larger spatial extent
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and possibly disrupt the gas inside the star-forming cluster. For example, He et al.
(2019) included this effect to study the IMF and how it regulates the star formation
rate and efficiency.
6 Stellar Multiplicity
The topic of stellar multiplicity is closely linked to the IMF. Often, observations
fail to resolve close multiples and thus measure the system IMF rather than the IMF
of individual stars. For unresolved binaries, the lower-mass companion is not mea-
sured in the mass function. This results in an underestimation of the low-mass end of
the IMF, which can be significant given the high prevalence of (close) binaries (e.g.
see review by Kroupa and Jerabkova, 2018). Missing the low-mass components can
severely undermine the interpretation of stellar evolution of close binaries. In order
to correct for the unseen binary component to obtain the stellar IMF, the knowledge
of mass ratios in binary systems and their dynamical evolution, which could vary
with environment and the primary stellar mass, is also required. Besides, exactly
how multiplicity varies with stellar mass in turn informs the relationship between
the CMF and IMF, which depends on some efficiency factor. Whether binary (or
multiple) formation proceeds in the same way in cores of various mass will de-
termine if there is a self-similar mapping from the CMF to the IMF. The binary
statistics the low-mass end of the stellar mass spectrum is also a means to distin-
guish whether the brown dwarfs form through a different collapse process than the
low-mass stars and results in a discontinuity in the IMF (Marks et al., 2015). Fi-
nally, multiplicity properties appear to vary with environment, thus informing both
the star formation process and the evolution of star clusters.
6.1 Observations
6.1.1 Stellar multiplicity of Main Sequence stars
Chances are if you look at a given star in the sky that it is actually a member of a
binary or multiple system. Cecilia Payne Gaposchkin once famously said: “Two out
of three stars is a binary.” The history of binary star research has been reviewed by
Zinnecker (2001). in the introductory chapter on IAU Symp. 200 on ”The forma-
tion of binary stars” that took place at the Astrophysical Institute (Observatory) in
Potsdam where some of the first spectroscopic binary star observations took place
(via photographic plates), which incidentally led to the discovery of the stationary
Ca H and K lines, and hence the interstellar medium (Hartmann, 1904). The star
in question was delta Ori, a system of two O7V (20 M) stars, the middle star of
Orion’s Belt, with an orbital period of about 5 days. The study of this massive main
sequence (MS) star and its short orbital period strikingly foreshadowed what is to-
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day a common result: most massive stars occur in very tight binary systems with
orbital periods below 10 days (e.g., Zinnecker and Yorke, 2007; Sana et al., 2012).
Such massive stars have components that are almost touching each other!
For solar-type stars on the Main Sequence, the key modern study is the compre-
hensive work by Duquennoy and Mayor (1991), which concentrated on a complete
sample of G- and K-type star in the solar neighborhood, some 25 pc around the Sun.
They collected previous visual and spectroscopic binary observations and comple-
mented these where necessary by their own radial velocity observations. These au-
thors found that about 50% of solar-type MS stars live in binary systems; this figure
was later revised downward to 45% by Raghavan et al. (2010). These binary frac-
tions were the benchmark against which subsequent studies (starting in the 1990s)
of pre-Main Sequence and protostellar multiplicity rates had to be gauged, i.e., the
multiplicity percentages at birth. The solar-type MS values are also the reference
points with respect to which the binary and multiple frequencies of lower mass stars
(M-stars, including brown dwarfs) and higher mass stars (Herbig Ae/Be stars and
O-stars) must be viewed, as we will discuss in the following sections.
6.1.2 Binarity among intermediate-mass stars
The best observational survey of the multiplicity among intermediate-mass stars is
the one by Kouwenhoven et al. (2005) who used the ESO 3.6m adaptive optics
system at 2.2 µm to study 199 young A and late B stars in the ScoCenOB2 asso-
ciation (age 5-15 Myr). The stars were selected using Hipparcos measurements to
ascertain membership (de Zeeuw et al., 1999). The detected companion star frac-
tion was about 50%, but detection bias simulations suggested a higher fraction.
Kouwenhoven et al. (2007) made a huge effort to estimate the full primordial bi-
nary population using all the available observations of visual, spectroscopic, and
astrometric binaries with intermediate-mass primaries. The result is that the binary
fraction is at least 70%, maybe closer to 100%. (They do not consider inverse dy-
namical populution synthesis, i.e., the possibility that the ScoCenOB2 association
was much denser at the time of formation, which is unknown). The present separa-
tion and mass ratio distribution were found to be power laws, with index pa = −1
(Oepik’s law) and pq = −0.4 (preponderance of small mass ratios). These results
can be considered to be the boundary conditions for hydrodynamical collapse cal-
culations (with or without magnetic fields). The authors consider various pairing
mechanisms for these intermediate-mass binaries and in conclusion exclude ran-
dom pairing as well as primary-constrained random pairing. Indeed some sort of
correlated pairing appears to be consistent with the data. Similar conclusions (no
random pairing, which would predict a much steeper power-law for the mass ratio
distribution) were reached earlier by Shatsky and Tokovinin (2002) for 115 B-star
in ScoOB2. Janson et al. (2013) surveyed the young intermediate-mass stars (early
F to late A) in the Scorpius-Centaurus region and found a multiplicity fraction of
∼ 60− 80%, supporting the trend of increasing multiplicity with primary stellar
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mass. Contrarily, Elliott et al. (2015) found no such trend in their SACY (search for
associations containing young stars) survey.
As for binary statistics among Herbig Ae/Be stars (1.5−8M) we refer to studies
by Bouvier and Corporon (2001, 63 targets), Ko¨hler et al. (2008, 7 among 49 tar-
gets), and the review by Ducheˆne (2015) concluding that these young intermediate-
mass stars have on average at least one companion per star (with an apparent deficit
in the 1-50 au range). If the companions are lower-mass T Tauri stars with X-
ray emission, this would indeed explain the puzzling observation that most Herbig
Ae/Be stars turned out to be X-ray sources (Zinnecker and Preibisch, 1994). Many
Herbig stars show infrared excess indicative of circumstellar disks, however the
companions typically do not. The interplay between multiplicity and circumstellar
(protoplanetary) disks seems similar to that among the lower-mass T Tauri stars.
6.1.3 Pre-Main Sequence binary and multiple systems
The statistics of Main Sequence solar-type binaries do not fully reveal the origin
of binary systems, as there are many dynamical processes between the time of for-
mation (Myr) and the time when MS binaries and multiple systems are observed in
the solar neighborhood (Gyr later). Therefore observational studies of young binary
systems are a must, and here we briefly review the results of some seminal papers
of pre-Main Sequence binaries, the progenitors of those MS G- and K-dwarfs.
In 1993, three independent seminal papers were published in the span of a few
weeks, an indication that the time and the observational tools to study binary star
formation had come to the fore. The first study was the 1′′resolution CCD imag-
ing survey at 0.9 µm by Reipurth and Zinnecker (1993) at the ESO-NTT of more
than 200 T Tauri stars in nearby southern star-forming regions, covering projected
separations between 150 and 1800 au, followed by the Leinert et al. (1993) sub-
arcsec (0.13′′) 2.2 µm speckle interferometric imaging survey of some 100 T Tauri
stars in the Taurus-Auriga region together with a similar (0.07′′resolution) speckle
imaging survey of some 70 pre-MS stars in the Taurus and Rho Oph dark cloud by
Ghez et al. (1993). Interestingly, Leinert et al. (1993) and Ghez et al. (1993) dif-
fer in one of their conclusions: Leinert et al. (1993) found indistinguishable binary
fractions among classical (CTTS) and weak-line (WTTS) T Tauri stars, while Ghez
et al. (1993) found a significant difference which they attribute to different (faster)
disk evolution for tighter visual binaries, so binaries with WTTS primaries would
be more peaked at closer separations.
A follow-up CCD seeing-limited study to Reipurth and Zinnecker (1993) by
Brandner et al. (1996) was exclusively based on X-ray (ROSAT) selected weak-
line T Tauri stars in Taurus and included the the low-mass young stellar objects in
the Sco-Cen OB association for a total sample size of 195 objects. High spatial reso-
lution (∼ 20 au) speckle studies found a very high frequency of binary companions
compared to the solar-type and M-type MS numbers (Duquennoy and Mayor, 1991;
Fischer and Marcy, 1992), in the same range (16-250 au) of separation (a signifi-
cant overabundance by a factor of 2-4), approaching an inferred total frequency of
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100%. However, when extrapolating to the full range of semi-major axes, the two
seeing-limited CCD surveys found a smaller (up to a factor of 2) or no overabun-
dance, in their observed range of separations (120-1800 au), consistent with a binary
frequency slightly higher to that of solar-type field stars (80% vs. 50%).
The mass ratios could also be inferred from component infrared photometry and
an almost linear relation between pre-MS luminosity (flux) ratios and mass ratios
(age-independent for stars on the Hayashi track) provided the components are co-
eval. In general, however, the relation is age-dependent and will also be contami-
nated by any active disk contribution to the infrared stellar luminosity (see discus-
sion by Reipurth and Zinnecker, 1993). The observed trend shows that companions
to the bright T Tauri stars usually are not near equal brightness (or mass), but rather
unequal, perhaps consistent with random pairing from a low-mass IMF or with disk
fragmentation. Later, Correia et al. (2006), using subarcsec (0.1′′) adaptive optics
techniques at the VLT, showed that about 1/4 of the primary stars of wide (> 2′′ or
> 300 au) T Tauri binaries are themselves resolved close double stars, suggesting
that a fair fraction of young binaries are actually hierarchical triple (and sometimes
quadruple) systems. This may suggest that multiple systems are prevalent among
young stars and that these systems decay with time on their way to the Main Se-
quence (see discussion by Ghez et al., 1993). For an update on ρ Ophiuchi pre-MS
binaries, see Ratzka et al. (2005). More recent studies by Elliott and Bayo (2016, β -
Pictoris moving group) and Joncour et al. (2017, Taurus) suggest that the majority of
very wide binaries (> 1000 au) have primordial origin and form as a consequence
of the structure fragmentation of the natal cloud. These wide systems are usually
hierarchical multiples.
Another idea that deserves investigation is that the population of nearby T Tauri
stars with excess binarity (100%) is not representative for the majority of progen-
itor field stars. It is likely that young clusters and young OB associations are the
dominant birth places of the field star population (Miller and Scalo, 1978). Thus,
the dilemma of excess binaries among young stars in nearby low-mass star forming
regions would be resolved by a lower binarity fraction in young clusters. If most
young stars originate in clusters, and if these clusters dissolve and their members
become fields stars, this would greatly alleviate the dilemma of the above overabun-
dance of binaries compared to the field. However, studies by King et al. (2012) look
at seven nearby young star-forming regions and finds binary fraction to be decreas-
ing with the stellar density. In particular, there is a distinct excess of closest young
binaries (19-100 au) compared to field stars. Ducheˆne et al. (2018) also find twice
(20%) the number of stars with close companions (10 - 60 au) in the Orion nebula
Cluster (ONC) relative to the field and suggest the multiple system formation mech-
anisms to be different. Moreover, Tokovinin and Bricen˜o (2020) finds a preference
for larger mass ratio q, i.e., similar mass, at small separations ( <∼ 100 100) for early
M- and solar-type stars in the Upper Scorpius (USco) star formation region com-
pared to the field. This also suggests for some fundamental differences during the
formation of these young stars and the field stars. Future studies of binary statistics
of young member stars in OB associations can be expected after the GAIA data
releases. Much remains to be done to investigate the frequency of spectroscopic
Contents 43
binaries among pre-MS stars. The only semi-systematic study is the one by Melo
(2003) whose result was a fraction of about 10%, but his work is highly incomplete
(in terms of epochs covered) and none has followed it up in the last 15 years.
6.1.4 Binarity among low-mass stars and brown dwarfs
Low-mass binaries might form through very different mechanisms and evolve dif-
ferently than Solar-type binaries. Indeed, when the young and dense Orion Nebula
Cluster was extensively studied with speckle techniques by Ko¨hler et al. (2006) (see
also Prosser et al. (1994); Petr et al. (1998)), a pre-MS binary frequency of young
low-mass cluster members was found to be lower than that of Solar-type stars. Note
that the low-mass pre-MS stars in the young cluster IC348 also show no excess in
binary systems (Ducheˆne et al., 1999).
The AstraLux survey of M-dwarfs (Janson et al., 2012, 2014) measured a mul-
tiple fraction slightly lower than 30%, consistent with previous findings (Bergfors
et al., 2010, 32% for 108 M-dwarfs within 52 pc). They also showed a narrower bi-
nary separation distribution than Solar-type stars, potentially indicating a continuous
decrease toward that of brown dwarfs. The M-dwarfs in Multiples survey (MinMS;
Ward-Duong et al., 2015) also found companion fraction of 23.5%. Winters et al.
(2019) found similar multiplicity fraction (26.8%) and companion fraction (32.4%)
in a survey of 1120 M-dwarfs up to 25 pc, leading to 11% of M-dwarf mass hidden
in unresolved companions. A tendency for separations to be smaller for primaries of
lower masses was also suggested by several studies (Kraus et al., 2011; Ward-Duong
et al., 2015; Winters et al., 2019).
Dynamical studies of very low mass binaries (VLMBs Parker and Goodwin,
2011) showed that those with small separations (< 20 au) are extremely hard to
destroy and can reflect their birth conditions, they are therefore useful for compar-
ing young star-forming regions with the galactic field. Binary fractions of low-mass
stars in dense star-forming regions resemble that in the field (e.g. De Furio et al.,
2019, ONC), while an excess is found in low-density clusters (Kraus et al., 2011,
Taurus). In several young associations, Kraus and Hillenbrand (2012) found the
same trend of decreasing binary fraction and decreasing separation for lower-mass
binaries as in the field. Todorov et al. (2014) also found decreasing binary fractions
from 15% for M4-M6 dwarfs to 4% for dwarfs later than M6 in young star-forming
regions (Taurus, Chamaeleon I, and Upper Sco). They found more wide binaries
than in the field, suggesting that, such binaries were inhibited from forming in the
natal condition of the field stars or they have been disrupted on a time scale longer
than the life time of these young regions.
Thies and Kroupa (2007) suggested a discontinuity in the IMF near the hydrogen-
burning limit due to distinct formation pathways. Brown dwarfs tend to from from
fragmentation of circumstellar disks, and low-mass stars collapse directly from a
prestellar core, whereas these two channels might not be mutually exclusive. The
statistics of low-mass binaries is therefore a useful way to probe such differences.
For example, significant difference is found in the mass ratio of brown dwarf bi-
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naries, compared to the flat distribution of that of stellar binaries (Goodwin, 2013;
Fontanive et al., 2018). Low binary fraction is suggested both in the field (< 10%
Fontanive et al., 2018), in Pleiades (< 11% Garcia et al., 2015), and in Upper Sco
(< 9% Biller et al., 2011), which is consistent with a continuous decrease with spec-
tral types.
Subdwarfs in the galactic halo are another group of interesting objects to study,
which can provide hint on the effect of low-metallicity star-forming environments.
Jao et al. (2009) found multiplicity rate of 26± 6% for 62 cool subdwarf systems
within 60 pc, which is lower than that of their MS counterparts (37± 5%). This
value was decreased to ∼ 10% later by Zhang et al. (2013, SDSS,1800 objects) and
Ziegler et al. (2015, 344 objects). All these studies support trends for wider binary
separation (mostly larger than 100 au) than the K-/M-dwarfs, and decreasing binary
fraction with decreasing mass and metallicity.
6.1.5 Protobinaries (Class I and Class 0 young stellar objects)
The search and characterization of protobinary stars extends the observations of T
Tauri pre-MS binaries to the youngest stages, when the components acquire the bulk
of their stellar mass, either from envelopes or massive stellar disks. Stars deeply em-
bedded, not detected in the near- or even mid-infrared, but only in the far-infrared
and submillimeter domain, are denoted Class 0 objects (true protostars) totally ob-
scured with massive disks and vigorous jets/outflows. By contrast, Class I objects
are less extreme, visible in the near- and thermal infrared and a slightly more evolved
stage of accreting protostars (Andre´ et al., 1993). In this scheme, classical T Tauri
stars with accretion disks correspond to Class II objects, while weak line T Tauri
stars with weaker or no circumstellar disks are referred to as Class III. There is
an evolutionary sequence from Class 0, I, II, to III with associated timescales of
104, 105, 106, and 107 years respectively (roughly speaking) (Dunham et al., 2014).
One fundamental goal of studying the youngest multiple systems is to charac-
terize their gas environment and thereby identify clues about their origin. Class 0
companions are of particular interest since they are considered too young to have
migrated from their birth positions. To date, a number of wide-separation (> 103
au) Class 0 sources have been identified (Maury et al., 2010; Chen et al., 2013;
Lee et al., 2017a). One high-resolution study discovered a quadruple system form-
ing within a filament, which includes three gravitationally bound gas condensations
that do not yet contain protostars (Pineda et al., 2015). Study of the surrounding
gas properties of such systems suggests they are created by “turbulent” or filament
fragmentation of the parent core (see 6.2.1). Meanwhile, two additional protostel-
lar systems, a binary and a triple, exhibit separations < 100 au and are embedded
within a large, shared disk (Tobin et al., 2016; Alves et al., 2019). These systems
are likely produced by disk fragmentation (see 6.2.2).
A variety of surveys have targeted protostars in nearby star-forming regions in
order to obtain a more complete statistical picture of the youngest multiple systems
(Reipurth et al., 2014). Research into the statistics of protobinary systems started
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in earnest with a large survey by Connelley et al. (2008, 2009). The targets are all
within 1 kpc and the observations were carried out in the L′ (3.6 µm) band at the
UH 2.2 m telescope. They detected 89 companions of which 73 were new detec-
tions. They speculated that the subset of close Class I binaries, resolved by Subaru
and Keck adaptive optics observations form via ejection during the early dynamical
decay of non-hierarchical multiple systems, which may have formed by turbulent
fragmentation or fragmentation of filaments (first discussed by Zinnecker et al.,
1987; Bonnell and Bastien, 1992). Also noteworthy are the surprise observations
of “infrared companions” to T Tauri stars (Chelli et al., 1988; Wilking et al., 1992),
which are systems where the companion becomes brighter at longer infrared wave-
lengths, perhaps indicating components consisting of Class II and Class I objects!
Two early interferometry surveys of Class 0 sources concluded that protostellar
multiplicity is higher than that of the field population, although they disagree on
whether multiplicity increases or decreases from the Class 0 to Class I stage (Maury
et al., 2010; Chen et al., 2013). Recently, the VANDAM VLA/ALMA survey of
protostars in Perseus made the next big step towards discovering new Class 0 and I
protobinaries (Tobin et al., 2018a). One of the goals of the VANDAM survey was
to discriminate between binary formation processes, such as disk fragmentation, as
indicated by aligned binary spins, outflows and disks, from turbulent core fragmen-
tation, which produces disks/jets with more random orientations. They studied 17
multiple sources (9 Class 0 and 8 Class I) in an ALMA 1.3 mm follow-up of their
large VLA 7 mm/4 cm survey. 12 out of the 17 sources were also resolved with
ALMA (0.27 x 0.16′′beam). In eight out of the 12 cases gas velocity information
points to disk fragmentation, while the other 4 systems are better modelled by a
variant of turbulent fragmentation. Circumbinary structures were detected around
the Class 0 sources but not around the Class I sources.
A complementary survey to VANDAM is the MASSES SMA Legacy survey of
73 protostars in Perseus, one goal of which is to connect multiplicity with the prop-
erties of their outflows and host dense cores (Lee et al., 2015). MASSES finds that
protostellar multiplicity is hierarchical with separations in a given system ranging
from < 100 au to a > 103 au (Lee et al., 2015). The angle distribution between out-
flows in wide separation pairs (> 103 au) is consistent with a random distribution,
indicating that the angular momentum in these systems is disordered, possibly due
to turbulence (Lee et al., 2016).
Another approach to understand binary formation involves looking for gas sub-
structure within cores, a predicted signature of turbulent fragmentation (Offner et al.,
2012; Mairs et al., 2014). An ALMA survey by Dunham et al. (2016) of Chamaeleon
I detected 56 starless cores, none of which show evidence of turbulent fragmenta-
tion. However, this may be because the cores are not gravitationally bound and thus
not star-forming. A similar ALMA survey of 60 cores in Ophiuchus detected two
starless cores with substructure (Kirk et al., 2017).
In the future, the ngVLA and JWST hold great promise to improve protobinary
statistics by extending the distance-limited samples of protostars to about 1.5 kpc
and also obtain 15 au resolution in the Orion region (Tobin et al., 2018b).
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6.1.6 Summary of observed multiplicities as as a function of primary mass
and environment
The main conclusion of the last years of studies of young binary stars of all primary
masses has been that the binary frequency steadily increases with mass (see review
by Ducheˆne and Kraus, 2013): from about 30% for M-type stars (< 0.5 M), to
about 50% for solar mass K- and G-type MS stars (but higher for solar-type pre-MS
stars) up to 100% and more for MS stars of spectral type earlier than B2 (> 10 M).
The most massive stars are extremely rarely single, and if so, this is likely due to
dynamical evolution, e.g., very close massive binaries merge or one component in
the binary star system explodes as a supernova and kicks away the other member,
creating a runaway O-star. The most massive stars often consist of a close spectro-
scopic pair with orbital separation less than 1 au and a wider bound component at
distances 100-1000 au (Mason et al., 1996). The jury is still out whether the most
massive stars in dense clusters have different multiplicity properties from those in
looser OB associations, but barring more detailed studies the multiplicity fractions
of massive stars as a function of environmental factors (including stellar density and
even metallicity, such as the LMC versus SMC) appear to be indistinguishable and
very similar (see the review by Sana, 2017).
6.2 Theoretical Models
A successful model describing multiple formation must be able to explain the wide
range of observed separations and the distribution of observed mass ratios. Indeed,
this is daunting task for any one model and recent observations of protostars hint
that multiple mechanisms governed by different physical processes are at work.
In this section we consider the three main theories for the origin of stellar multi-
plicity: fragmentation of the parent dense core to form bound companions, gravita-
tional fragmentation of an unstable accretion disk and dynamical evolution, in which
multiple systems may form via gravitational capture or loose members through in-
teractions. Each mechanism acts on different physical scales and times within the
star formation process. These differences may ultimately allow them to be observa-
tionally distinguished and explain the diverse nature of observed stellar multiples.
6.2.1 Core Fragmentation
The theory of core fragmentation, which is also referred to as “prompt fragmenta-
tion” or “turbulent core fragmentation,” has its genesis in the seminal work of Hoyle
(1953). Hoyle (1953) proposed the idea of hierarchical star formation, in which
gravitational fragmentation proceeds to increasingly small scales until fragments
no longer cool efficiently and thus become thermally supported (opacity limited
fragmentation). While Hoyle self-deprecatingly described the idea of hierarchical
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fragmentation as “of a mainly tentative character” and “too qualitative” for observa-
tional comparison, it inspired numerous additional studies and provided a basis for
more modern work on binary formation.
The presence of angular momentum is a fundamental prerequisite of binary for-
mation. Early idealized theoretical models for star formation described the collapse
of dense cores beginning with spherically symmetric, self-similar density and ve-
locity configurations (e.g., Shu, 1977). The addition of rotation naturally causes a
spherically symmetric core to fragment into two or more objects (Larson, 1972;
Bonnell, 1994). The outcome is dictated by the initial ratio of thermal to gravita-
tional energy, α = 5c2sR/GM, and the ratio of rotational to gravitational energy,
β = Ω 2R3/3GM, where cs is the sound speed, R is the core radius, M is the core
mass, and Ω is the core rotational frequency. Isothermal, collapsing rotating cores
are prone to fragmentation when αβ < 0.12 and α < 0.5 (Tsuribe and Inutsuka,
1999a,b).
The origin of angular momentum on core scales is thought to be inherited from
the larger cloud environment. Numerical studies of turbulent cores show that turbu-
lence naturally generates velocity gradients and provides sufficient angular momen-
tum to produce fragmentation (Burkert and Bodenheimer, 2000; Goodwin et al.,
2004). Semi-analytic models of cores including turbulence are able to reproduce
the observed binary distribution from turbulent fragmentation alone (Fisher, 2004;
Jumper and Fisher, 2013).
The impact of magnetic fields on the process of multiple formation remains de-
bated. Classically, magnetic fields are predicted to suppress collapse and fragmen-
tation by providing additional pressure support (Mouschovias, 1976; Mouschovias
and Spitzer, 1976). Magnetic fields may also efficiently remove angular momentum
via magnetic breaking (Mestel and Paris, 1979; Mouschovias, 1977). Numerical
simulations of rotating, spherical magnetized cores demonstrated that strong fields
inhibit fragmentation (Hosking and Whitworth, 2004; Fromang et al., 2006; Price
and Bate, 2007). However, since gas more easily collapses along rather than per-
pendicular to field lines, magnetic fields introduce a preferred direction for collapse,
which produces a bar structure (Dorfi, 1982; Benz, 1984; Boss et al., 2000). This
filamentary structure may be unstable to fragmentation thereby enhancing binary
formation (Inutsuka and Miyama, 1992; Boss et al., 2000; Machida et al., 2004,
2008), especially in the presence of turbulence (Offner et al., 2016). The result-
ing binary properties reproduce the distribution of mis-aligned outflows observed
in wide, binary protostellar systems as well mis-aligned stellar spins (Offner et al.,
2016). These characteristics serve as observational signatures of turbulent core frag-
mentation.
The net result of turbulent core fragmentation is companions with initial sep-
arations of a few hundred to a few thousand au (Offner et al., 2010; Bate, 2012;
Offner et al., 2016; Kuffmeier et al., 2019; Lee et al., 2019). However, protostars
formed this way are initially not on stable orbits and they migrate on relatively
short timescales (∼0.1 Myr) to <100 au separations or become unbound through
dynamical interactions (see §6.2.3). Figure 9 shows the pair separation evolution of
a population of binaries and triples formed in a star cluster simulation via core frag-
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mentation; once pairs reach close separations the resulting gas distribution and stel-
lar configuration may resemble systems formed via disk fragmentation (see §6.2.2).
We return to the process of core fragmentation acting in concert with other binary
formation mechanisms within star cluster environments below.
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Fig. 9 Left: Distribution of protostellar pair separations for binary and triple systems formed in
MHD star-cluster simulations binned by their age. Protostars tend to evolve from wider to closer
separations within 100 kyr. Right: Gas column density around a triple protostellar system (circles).
Although the disk appears gravitationally unstable, its extended, spiral morphology is a product
of the perturbation caused by the migration of the tertiary from its formation location >1000 au
inwards. Both panels adapted from Lee et al. (2019).
6.2.2 Disk Fragmentation
The formation and evolution of disks play a crucial role in mediating the star forma-
tion process (Zhao et al., 2020). Here we focus on disks as the sites of multiple for-
mation. Sufficiently massive disks are prone to gravitational instability, which seeds
the formation of close (< 200 au), stellar companions (see Kratter and Lodato, 2016,
for a recent review on gravitational instabilities). The criterion that dictates disk sta-
bility is given by
Q=
csκ
piGΣ
, (21)
where cs is the thermal sound speed, κ is the epicylic frequency and Σ is the surface
density (Toomre, 1964). As Q decreases self-gravity becomes increasingly impor-
tant. Spiral structure begins to develop when Q∼ 2 and fragmentation occurs when
Q ∼ 0.6 inside the spiral arms (Tsukamoto et al., 2015c; Takahashi et al., 2016).
Not all fragmentation events produce stellar companions, however. Some fragments
rapidly migrate inwards, merging with the central protostar and triggering accretion
bursts (Vorobyov and Basu, 2005, 2010; Cha and Nayakshin, 2011). Fragments may
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also interact with one another and be dynamically ejected (see §6.2.3). Only those
fragments that continue to accrete mass and achieve stable orbits will become stel-
lar companions (Vorobyov and Basu, 2010; Kratter et al., 2010a; Tsukamoto et al.,
2013, 2015c).
One implication of the Toomre criterion is that colder, more massive disks are
more prone to gravitational instability. Numerical simulations show that radiative
feedback from the central source heats the disk, significantly reducing the liklihood
of fragmentation (Krumholz et al., 2007; Offner et al., 2009; Bate, 2009a; Offner
et al., 2010). However, if angular momentum transport is inihibited in the inner disk,
accretion may slow, thereby reducing the impact of radiative feedback and allowing
fragmentation to proceed (Stamatellos et al., 2011).
Magnetic fields also play an important role in regulating the disk size and effi-
ciency of angular momentum transport. In the ideal MHD limit, simulations show
that coupling between the small-scale field near the protostar and the larger-scale
core field can facilitate the removal of angular momentum from the collapsing re-
gion, potentially preventing a disk from forming, the so called “magnetic breaking
catastrophe” (Galli et al., 2006). Consideration of non-ideal effects, turbulence and
angular momentum-field misalignment mitigate the impact of magnetic breaking
(Mouschovias and Spitzer, 1976; Hennebelle and Ciardi, 2009; Joos et al., 2012;
Krumholz et al., 2013; Tsukamoto et al., 2015a,b, 2017, 2018). Thus, strong mag-
netic fields may reduce the incidence of disk fragmentation since small disks are less
prone to fragmentation. However, the magnetic field dissipates in the high-density
region (dead zone) where magnetic braking does not work and self-gravitational
fragmentation of a massive disk frequently occurs (Machida et al., 2009; Inutsuka
et al., 2010; Machida and Matsumoto, 2012). Thus, the dissipation of the magnetic
field may play a primary role for disk fragmentation (see also Machida et al., 2008).
Stellar companions produced via disk fragmentation likely form during the main
accretion phase ( <∼ 0.2 Myr), when infall is the highest and the disk is the most
massive. Disk fragmentation produces companions with initial separations ∼ 50−
200 au, i.e., in the disk region that is cold while still containing a significant mass
reservoir (Kratter et al., 2010b). Unstable disks may also produce more than one
companion and so provide a mechanism to create higher-order multiple systems
(Kratter et al., 2010a; Stamatellos et al., 2011).
The frequency of disk fragmentation depends on a number of factors, includ-
ing the rate of infall, core angular momentum, magnetic field properties and stellar
heating (Matsumoto and Hanawa, 2003; Kratter et al., 2010a; Vorobyov and Basu,
2010; Offner et al., 2010; Inutsuka et al., 2010; Tsukamoto et al., 2015c). Numer-
ical simulations demonstrate that cores with high infall rates, such that those that
produce massive stars, produce disks with higher rates of instability (Kratter and
Matzner, 2006; Krumholz et al., 2009; Rosen et al., 2016; Matsushita et al., 2017).
This effect is qualitatively consistent with the higher multiplicity fraction character-
istic of massive stars. However, dynamical evolution is necessary to produce both
very close and wide separation companions from the initial separation distribution
as discussed below.
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6.2.3 Dynamical Evolution & Capture
The final way multiple systems may form is through gravitational capture during dy-
namical interactions (Bate et al., 2003; Bonnell et al., 2004; Goodwin and Kroupa,
2005). In this scenario, members of multiple systems are not initially gravitation-
ally bound and did not form within the same over-density. Capture is facilitated
through dynamical friction with the gas, the presence of a disk, or n-body interac-
tions involving three or more stars (Clarke and Pringle, 1991; Moeckel and Bally,
2007; Reipurth and Mikkola, 2012). This mechanism is generally most efficient in
dense, clustered environments, where close encounters are frequent (e.g., Moeckel
and Bate, 2010). The likelihood of capture is highest before and during cluster dis-
persal, after which capture is inefficient in forming new multiples (Moeckel and
Clarke, 2011). N-body simulations of dissolving star clusters predict that the forma-
tion of wide binaries and their separation depend on the cluster mass and size, re-
spectively, with the fraction of wide binaries decreasing with cluster mass (Kouwen-
hoven et al., 2010). The diversity in star cluster initial conditions may help explain
variation in the fraction of binary systems having separations > 103 au.
Dynamical evolution also shapes system architectures by modifying stellar sep-
arations and reducing the number of members in higher order systems. Angular
momentum exchange between stars, gas and cluster members cause closer orbits
to shrink to separations less than 50 au and wide orbits to become wider, exceed-
ing separations of 103 au (Bate et al., 2003; Stahler, 2010; Offner et al., 2010; Lee
et al., 2019). Dynamical interactions of initially compact triple star systems can pro-
duce hierarchical triples, where a close pair is orbited by a widely separated tertiary
companion (Reipurth and Mikkola, 2012). Close encounters and n-body interactions
may cause members to be completely ejected from the system (Reipurth and Clarke,
2001; Bate et al., 2002). Dynamical interactions also impact secondary multiplicity
characteristics such as disk, outflow and stellar spin alignment (Bate, 2012; Offner
et al., 2016). The rapidness of the evolution, especially during the first 0.1 Myr, un-
derscores the importance of studying multiplicity during the earliest stages of star
formation.
6.2.4 Multiple Formation in Star Clusters
A fundamental implication of the above theories is that cores and disks cannot be
divorced from their birth environment. Cores often form in dynamic, clustered re-
gions, embedded within filamentary gas flows (see §3.2). In the context of star clus-
ter formation, hydrodynamic simulations suggest that all three of these multiple
formation mechanisms operate.
The dominant mode of binary formation is sensitive to the physical processes in-
cluded. For example, when radiative transfer is included in star cluster calculations,
the incidence of disk fragmentation is significantly reduced (Bate, 2009a, 2012). Ra-
diative feedback from forming stars further reduces disk fragmentation and demon-
strates that turbulent fragmentation is a viable mechanism for producing binaries
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in simulations of low-mass (M < M) star formation (Offner et al., 2009, 2010).
Star cluster simulations that compare different magnetic field strengths show that
more magnetized clouds produce comparable or higher binaries fractions than less
magnetized clouds, although the overall star formation rate is lower (Cunningham
et al., 2018; Lee et al., 2019). Here, magnetic support rather than radiative feedback
may act as the stabilizing mechanism on small scales (Lee et al., 2019; Kuffmeier
et al., 2019). However, comparison to observations suggests close-separation (< 10
au) binaries are under-produced by turbulent fragmentation alone.
In principle, observed multiplicity metrics can be used to benchmark numerical
calculations, assess the role of different physics and determine realistic initial condi-
tions. However, comparisons are frustrated in part due to the poor statistics in many
cluster calculations and in part due to the relatively large uncertainties in the ob-
servations. Consequently, a variety of calculations with a range of different physics
produce multiple system properties that compare favorably with observed statistics.
One of the most extensive samples of simulated multiple systems was produced
in Bate (2012), a calculation which included radiative transfer but excluded mag-
netic fields and outflows. The simulated systems reproduce the observed field star
multiplicity fraction, semi-major axis distribution and mass-ratio distributions. Sim-
ulations of magnetized, collapsing clouds with radiative feedback and outflows also
reproduce the field multiplicity fraction as a function of primary mass but with less
statistical significance (Krumholz et al., 2012; Cunningham et al., 2018). However,
hydrodynamic calculations such as these are evolved at most only a few cloud free-
fall times, at which point most sources are still protostellar and their multiplicity
properties should not necessarily be expected to match the multiplicity of the much
older field population (see §6.1.5). Both observational and theoretical progress is
required for observational comparisons to discriminate between different numerical
models and initial conditions.
Fully modelling the formation and evolution of multiple systems and explaining
the multiplicity of field stars is arguably a more challenging theoretical problem
than reproducing the stellar IMF alone. It requires following star formation through
gas dispersal, including both realistic initial cloud conditions, which are critical for
setting the IMF, and evolving calculations through the gas dispersal phase, which
spans tens of Myr. In addition, stellar feedback such as protostellar outflows, winds,
radiation and supernovae play important roles in setting cluster efficiencies and dis-
solution timescales by regulating gas dispersal (Krumholz et al., 2019). These fac-
tors altogether circumscribe a physically complex, nonlinear problem that exceeds
the limits of current numerical calculations and presents a formidable challenge for
future theoretical models.
7 Conclusions and Outlook
In this chapter, we have reviewed the statistical properties of star-forming clusters,
more precisely, the mass distributions of dense cores and stars. Ever since the first
52 Contents
IMF measurement by Salpeter (1955), enormous efforts have been directed towards
testing the universality of the IMF. With improved observational power, it is now
possible to probe star-forming regions and star clusters at larger and larger distances.
Some variation is indeed suggested in extreme environments that differ significantly
from the Solar Neighborhood.
At the same time, observational sensitivity and resolution have improved such
that prestellar cores can be readily observed and confident prestellar CMFs can be
measured, enforcing the idea that the IMF might be inherited directly from the CMF.
However, there are still some differences between the working definitions of cores
in varying studies, in particular between observations and theories, complicating
direct comparisons. Consequently, the true relationship between the CMF and IMF
remains debated.
We describe several theories that try to explain the observed form of the IMF
and achieve varying degrees of success. This reflects the fact that the star forma-
tion inside turbulent molecular clouds with multiple physical mechanisms is com-
plex. It is possible these theories are not mutually exclusive and describe cluster
formation under different conditions. At the same time, numerical simulations are
becoming more sophisticated and including more realistic physics. In contrast to
simulations with simplified physics that study the role of one particular mechanism,
multi-physics simulations provide better understanding of the effects of non-linear
coupling between different physical processes in regulating stellar masses.
Although computational speed continues to increase according to Moore’s law,
important physical effects such as radiative transfer scale poorly to large numbers
of cores. Multi-physics calculations including dynamic ranges spanning au to pc
scales will continue to be challenging. Ideally, future calculations will also move
towards more realistic initial conditions. Recent efforts have explored binary for-
mation starting on galactic scales and “zooming in” to au scales (Kuffmeier et al.,
2019). However, statistical significance is even harder to achieve in this approach.
More efficient algorithms, new methods exploiting GPU capabilities and the appli-
cation of machine learning to model statistical processes like dynamical interactions
show promise for future progress (Schive et al., 2018; Nordlund et al., 2018; van El-
teren et al., 2019).
Besides the overall statistics of the IMF in clusters, progress has been made in
understanding the origin and statistics of binaries and small multiple systems. These
studies have important implications for the collapse process of prestellar cores,
which can often result in fragmentation. Studies of these small systems also allow a
better understanding of star formation at the prestellar core and stellar scales.
In summary, we are in an era where we start to really test the possible variations
of the IMF, with tools from many aspects. Important physics of the star formation
process can be unveiled by either searching for IMF non-universality or developing
models for the IMF that can explain its invariance. Whatever the outcome should
be, there will be a lot to learn.
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